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SECTION  1 


\ 


Introduction  and  Sussiniary 


The  work  of  this  report  Is  directed  toward  the  optical 
recording  of  time-sequential  information  from  a spatial  array  of 
hydrophones  or  other  sensors.  The  time  sequence  of  signals  from 
the  sensor  array  is  initially  e space-time  matrix  of  data,  J^n 
optical  recording  process  is  required  which  will  convert  this 
data  into  a two-dimensional  spatial  matrix. 


Such  a recording  process  will  require  the  following  elements: 


1;  A photographic  recording  film  or  other  medium 


2,  A writing  head  capable  of  simultaneous  recording  of  data 
in  pareTlel  columns  on  the  film  from  many  information 
channei 


3^ 


A hydrophone  signal  distributor  to  transfer  the  signal 
from  each  hydrophone  to  the  matching  channel  of  the 
writing  head,  with  signal  amplification  or  other  input 
matching  to  assure  compatibility  with  the  writing  head. 


Thin  report  will  assess  the  practicability  of  such  a recording 
system  in  which  the  recording  medium  is  photochromlc  film  and  the 


writing  head  la  an  array  of  luminescent  semiconductor  diodes.  The 


diode  arrays  considered  here  will  be  made  by  neutron  transmutation 
doping  since  this  technique  proBiisea  high  density  packing  of 
luminescent  diodes  with  high  optical  power  density  par  unit  area. 
The  recording  mediuM  to  be  considered  will  be  photochromlc  film 
because  it  can  bo  repeatedly  re-used,  and  therefore  offers  the 
possibility  of  long  term  use  with  a relatively  low  volume  of  film. 
It  also  offers  the  property  of  high  resolution  storage  of  the 
informa  tlon . 


\ 
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Th®  important  characteristic  of  photochromic  film  la  ita 
ability  to  change  ita  optical  density  in  a reversible  manner,  upon 
the  absorption  of  optical  radiation  of  specified  wavelengths.  The 
thermal  fading  rate  Is  slow  (minutes  to  hours)  and  the  spatial 
resolution  can  be  high  - theoretically  in  the  100  angstrom  range. 

Tlie  optical  density  of  a photochromic  film  will  vary  as  a 
function  of  the  wavelength  - usually  expresaed  in  millimicrona 
(m^ ) - of  the  incident  radiation,  and  of  the  energy  deposited 
(expressed  in  joules  per  cm^  or  mllli Joules  per  cm^)  as  a function 
of  wavelength.  A photochromic  film  will  usually  have  at  least 
two  wavelength  ranges  with  opposite  behavior:  An  activation 

wavelength  range,  within  v^hich  the  absorption  of  energy  will 
increase  the  optical  density  of  an  initially  transparent  film; 
and  a bleaching  wavelength  range,  within  whic  the  absorption 
of  energy  will  decrease  the  optical  density  of  the  film.  There 
will  also  be  a neutral  wavelength  which  will  not  affect  the  film 
and  which  can  therefore  be  used  for  optical  reading. 

Luminescent  diode  writing  heads  have  a nuaiber  of  potent  al 
advantages  for  recording  on  photochromic  film:  The  luminescent 

P-N  junction  area  can  be  in  close  contact  with  the  film  leading 
to  efficient  utilization  of  the  radiant  energy.  The  radiant  power 
density  produced  by  electrical  pulses  can  be  appreciable,  of  the 

p 

order  of  milli Joules  per  cm"  for  short  pulse  lengths.  The  size 
of  the  illuminated  region  can  be  a few  square  mils,  small  enough 
to  achieve  a relatively  high  packing  density  of  information  on  the 
film  without  requiring  optics. 

Another  In.portant  consideration  la  the  possibility  of 
fabricating  luminescent  diodes  in  array  configuration.  Since 
many  recording  channels  are  required  along  the  width  of  the  film, 
a linear  array  of  diodeg  is  needed.  Neutron  transmutation  doping 
was  selected  aa  a promising  method  for  fabricating  a luminescent 
diode  array  with  relatively  close  spacing  In  a single  step.  This 
doping  method,  which  is  doacribad  in  detail  in  Section  5,  has  the 
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capability  of  fabricating  a linear  array  of  P-N  Junctions  of 
almost  arbitrary  length,  in  a single  semiconductor  crystal,  with 
a diode- to-dlode  minimuis  spacing  in  the  10  to  30  mil  range. 


Summary  of  the  Work 

In  Section  2 of  this  report  the  properties  of  photochromic 
films  are  described  and  the  characteristics  of  luminescent  diode 
writing  heads  are  briefly  reviewed.  The  specifications  for  a 
multiple-channel  photochromic  recording  system  are  given.  A 
detailed  discussion  is  given  of  the  f?yatem  aspects  of  photo- 
chromic  film  recording  which  will  emphasize  the  critical 
parameters  in  assessing  such  a system. 

The  important  characteristics  of  photochromic  material  are 
1)  its  reversibility,  2)  its  spectral  range,  3)  the  energy 
density  required  for  bleaching  and  its  expected  lifetime 
in  cycles  of  use.  A program  of  measurements  was  carried  out  on 
a number  of  available  photochromic  materials  to  determine  thee© 
charoctorlstlcB . ITie  measurements  end  results  are  described  in 
Section  3. 

Photorihromic  material  meaaurement  ’ are  described  in  Section 
3.1.  The  results  are  aummarizei  in  Section  'i.'?.  It  was  found 
that  only  one  available  material  had  the  spectral  range  and  low 
energy  density  for  bleaching  that  is  at  all  compatible  with 
luminescent  diodes.  This  is  the  VL-316A  film  in  glass  laminate 
form.  It  was  also  f md  that  the  lifetime  In  use  cycles  of  the 
system  is  relatively  limited. 

The  lifetime  of  th®  photochromic  film  is  limited  by  the 
deterioration  of  the  chemical  copipound  in  the  ultraviolet 
activation  process.  As  the  deterioration  proceeds,  more  ultra- 
violet light  la  required  to  produce  a given  density  change. 
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Eventually  the  film  is  no  longer  aenaitivo  to  eithor  activation 
or  bleaching  light.  Measurements  on  the  VL316A  film  (the  moat 
satisfactory)  Indicate  an  expected  lifetime  of  800  cycles. 

Experimental  attempts  were  made  to  increase  film  lifetime 
by  conducting  activations  in  several  chemically  different 
atmospheres.  No  significant  differences  were  observed.  This 
is  discussed  in  Section  3»3. 

It  is  pointed  out  in  Section  3 that  the  bleaching  mode  in 

photochromlc  fllma  requires  radiation  in  the  50C0  to  7000  angstrom 

range.  It  is  also  necessary  to  achieve  an  energy  density  of  the 

2 

order  of  10  to  20  millljoules  per  cm  to  obtain  bleaching.  In 
Section  H we  consider  the  attainability  of  this  wavelength  and 
energy  density  with  sead conductor  luminescent  diode  arrays  which 
can  be  fabricated  by  transmutation. 

Gallium  arsenide  phosphide  can  be  produced  to  omit  at  any 
wavelength  in  the  range  from  about  5900  ^ to  9100  8 depending 
on  ita  coi  Dositiof’,  The  required  wavelength  can  be  obtained  by 
properly  opacifying  the  value  x In  GsP^As^_^.  The  greater 
the  value  of  x,  the  lower  is  the  wavelength  emitted. 

Any  semiconductor  compoaitlon  in  the  family  OaPj^ASj^_j^  can 
be  doped  in  a Junction  array  configuration  by  neutron  transmutation 
techniques.  At  the  beglimlng  of  this  J.nvestigation  it  was  intended 
to  select  a composition  that  is  compatible  in  frequency  with  a 
satisfactory  photochromlc  material.  When  it  was  found  that  no 
photochromlc  material  had  a sufficiently  long  life  cycle  to 
satisfy  the  ayratem  requirements,  it  was  decided  to  conduct  the 
power  compatibility  measurements  with  the  most  convenient  and 
most  easily  ootalnable  semiconductor  material  in  this  fatally, 
gallium  arsenide.  Results  obtained  for  QaAs  would  in  addition 
be  directly  applicable  for  developaiont  of  a dicde  array  for 
muPlohannel  recording  on  conventional  photograi  tii.  filma. 
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Measurements  were  made  on  gallium  arsenide  luminescent 
diodes  produced  by  1)  neutron  transmutation  and  2)  by 
dlffuaion.  In  both  cases  power  densities  of  50  to  100  milii- 

p 

watts  per  cm*  were  measured  under  CW  conditions.  With  good 
heat  sinking  and  pulsed  power  this  should  permit  sub-millisecond 
writing  speeds  on  the  beat  photochromic  film. 

The  application  of  neutron  transmutation  techniques  to 
diode  array  fabrication  in  the  gallium  arsenide  phosphide  family 
of  compounds  is  described  in  Section  5- 

Neutron  transmutation  techniques  can  make  a significant 
contribution  in  the  development  of  multi-channel  recording  on 
photochromic  film  (and  alternatively,  on  photographic  films)  by 
means  of  the  capability  for  fabricating  a high  linear  density  of 
diodes  on  a single  wafer  of  aemlconductor,  each  diode  having  a 
small  emitting  area.  An  array  of  100  diodes  over  a I'-lnch  width 
of  aemlconductor  wafer  is  an  attainable  objective.  This  cor- 
r#>8ponds  to  a XO-mil  spacing  between  diodes,  each  diode  having 
a radiation-emitting  area  of  5 to  10  square  mllis.  In  the  present 
program  the  more  modest  objective  of  a 30~mll  diode  spacing  was 
set.  This  goal  was  attained  and  a four  diode  array  with  30-mli 
spacing  was  made.  The  radiation-emitting  area  of  each  diode  was 
15  square  mils. 

Transmutation  techniques  have  thus  been  used  in  this  work 
to  make  an  integrated  linear  optical  ari-ay  fabricated  on  a 
single  monollthlv.  slice  of  gallium  arsenide.  This  integrated 
device  includes  all  electrical  connection  points  and  all  infre- 
red-emittlng  Junctions,  Furthermore,  we  have  shown  that  despite 
the  small  size  and  compactness  of  the  diode  array,  a aufficlent 
intensity  r-^r  film  recording  la  available  from  each  P-N  Junction 
element . 
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It  had  originally  been  planned  to  perform  the  neutron 
transBUtstion  irradiations  for  production  of  the  diode  array 
writing  heads  in  the  Oak  Ridge  Reactor,  with  which  we  have 
extensive  e perionce.  Two  cspaulea  were  planned,  one  capsule 
to  produce  individual  diodes  and  some  small  arrays  (five 
Junctlona  or  leas)  and  one  capatile  to  produce  larger  arrays. 
However,  after  the  photochroaic  material  studies  were  completed 
we  were  informed  that  increased  usage  of  the  Oak  Ridge  Reactor 
by  Oak  Ridge  National  Laboratory  would  make  scheduling  of 
experiments  extremely  uncertain.  It  was  therefore  decided  to 
use  another  available  reactor,  the  Air  Force  Nuclear  Test 
Facility  (APNTF)  at  Wright  Patterson  Air  Force  Base. 

The  first  capsule  was  prepared  and  irradiated.  It  was 
found  V'lowevor  that  the  gallium  arsenide  specimens  had  all  been 
over-irradiated.  Not  only  had  the  originally  P-type  unshielded 
regionss  been  converted  to  N~type,  but  the  shielded  P-type  regions, 
which  should  have  remained  P-type  were  also  converted  to  N-typa. 

Detailed  analyai  --  of  the  first  capsule  specimens  showed 
the  reason  for  this  over-irradiation.  The  non-thermsl  (higher 
energy)  part  of  the  neutron  flux  e-pectrum  is  significantly 
higher  in  the  APNT'^’  ^han  I*,  rbo  ORH.  This  is  particularly 
Important  for  gallium  arsenide  which  has  neutron  absorption 
resonances  at  the  higher  neutron  energies  which  are  present  in 
the  APNTF.  The  significance  of  the  lower  cadmium  ratio  in  the 
APTJTF  1»  presented  in  detail  in  Section  6.1. 

Onoa  this  point  was  realised,  a second  capsule  was  prepared 
to  replace  the  first  capsule.  This  irradiation  was  successful 
In  producing  single  diodes  and  four-element  arreya.  This  capsule 
la  described  in  detail  in  Section  6. 
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The  aucceaaful  gslliuia  arsenide  irradiation  capsule  included 
aeveral  specimens  which  had  been  exposed  with  radiation  dies  to 
produce  four-element  arrays.  One  of  these  four- junction  diode 
arrays  \vas  fabricated  into  a four-channel  fil''.  vritj.ng  head, 
which  was  tested  successfully  on  35  ma  infrared  film.  A simple 
four-channel  recorder  was  built  and  demonstrated.  The  recorder 
was  delivered  to  the  U,S.  Navy  Underwater  Sound  Laboratory,  New 
London,  Connecticut.  This  four- channel  diode  array  film  recorder 
is  described  in  Section  7 «»  typical  of  larger  arrays  which  can 

be  built. 
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SECTION  2 

Phococh romlc  Film  Rocordlng  for  Optical  Correlators 

The  work  of  this  report  is  directed  toward  the  optical 
processing  of  tlme-aequentlal  Information  from  an  array  of  hydro- 
phone heads.  Each  hydrophone  head  presents  an  electrical  signal 
continuous  in  time;  the  hydrophone  array  may  consist  of  hundreds 
of  such  heads.  It  Is  desired  to  record  all  signals  from  the 
array  sequentially  in  time  on  an  optical  recording  medium,  e.g., 
a photochromlc  film.  The  time  sequence  of  signals  from  the  hydro- 
phone array  is  initially  a apace- time  matrix  of  data.  The  optical 
recording  process  converta  it  into  a two-dlracru  tonal  spatial 
matrix,  for  example  with  the  x-coordlnat©  characterizing  the 
hydrophone  array  element  and  the  y-coordinate  (proportional  to 
the  film  movement  speed)  characterizing  the  time  point  of  the  data. 

When  the  data  is  in  this  spatial  matrix  form  It  is  reedy  for 
optical  processing.  The  date  at  each  point  can  be  considered  an 
opaque  spot  in  an  otherwise  transparent  medium.  In  analog 
recording  the  optical  density  (to  be  defined  below)  of  the  spot 
will  ba  propor tlonal  to  the  hydroptiona  element  signal  intensity 
represented  by  thnt  spot  at  that  point  in  time.  In  digital  recor- 
ding, the  spot  will  be  alther  completely  opaque  or  transparent  and 
a seriaa  of  such  spots  will  constitute  the  binary  repreaenta tlon 
of  the  signal  from  the  hydrophone  at  a point  in  time.  An  analog- 
to-dlgltal  converter  will  be  nsceaaary  to  digitalize  the  hydrophone 
signal . 

The  spatial  matrix  of  data  prodvjced  in  this  way  la  suitable 
for  optical  correlation  processing,  o.g.  ita  spettal  frequency 
spectrum  can  be  obtained  or  Its  autocorrelation  function  or  its 
cross-correlation  function  with  various  reference  pattarna. 

These  calculations  are  necessary  for  the  detection,  ror'Og;nitlon, 
and  classification  proceaaea  in  using  th@  hydr-  phone  airay.  What 
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should  b®  ©mphaslzed  is  thst  optical  correlation  processing  la 
an  extroBtely  efficient  means  for  performing  these  calculations. 

Por  a two-dimensional  matrix  one  can  show  that  optical  processing 
is  far  more  effective  than  digital  computer  processing,  to  the 
point  where  many  extremely  significant  recognition  and  classifica- 
tion processes  which  cannot  bo  attempted  by  digital  computer 
analysis  are  directly  amenable  to  optical  correlation  processing. 
When  results  are  needed  in  real  time  or  in  almoat-real  time, 
optical  p’*oceaaing  is  also  of  unique  significance. 

The  operation  of  such  an  optical  processor  depends  on  a 
suitable  optical  recording  process,  Khlch  will  prepare  the  two- 
dimensional  spatial  matrix  of  data  which  la  required.  The 
recording  process  will  require  the  following  elements: 

1,  A photographic  recording  film  or  other  medium 

2,  A writing  head  capable  of  simultaneous  recording  of  datt 
In  parallel  columns  on  the  film  from  many  information 
channels 

3,  A hydrophone  signal  distributor  to  transfer  tho  signal 
from  each  hydropjione  to  ths  matching  channel  of  the 
writing  head,  with  signal  amplification  or  other  input 
matching  to  assure  compatibility  with  the  writing  head 

This  report  will  aaaess  the  practicability  of  svich  a recording 
system  In  which  the  recording  madiUEi  la  photochromlo  film  and  the 
writing  head  la  sn  array  -^f  luminescent  semiconductor  diodes.  The 
diode  arrays  considered  here  will  be  made  by  neutron  transmutation 
doping  since  this  technique  promises  high  density  packing  of 
luminescent  diodea  with  high  optical  power  density  per  unit  area. 
The  recording;  meJiuai  to  bo  considered  will  be  photochromlo  film 
becaufflo  it  can  be  repeatedly  re-uaed,  and  therefore  offers  the 
posylbllifcy  of  long  term  use  with  a relatively  low  volume  of  film. 
It  also  offers  t.h.is  property  of  high  reciolutlon  storage  of  the 
Inf orma  t ion . 
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state  A ha  a two  absorption  bands,  a a shown,  one  of  v/hich  la 
called  the  activation  band  and  the  other  the  reading  band.  State 
B has  one  absorption  band,  failing  in  wavelength  between  the 
activation  band  and  the  reading  band  of  state  A.  This  Is  called 
the  bleaching  band.  Whan  In  state  A,  If  light  in  the  activation 
band  la  absorbed,  the  material  switches  to  state  B,  When  in  state 
B,  if  light  in  the  bleaching  band  is  absorbed,  the  •material 
switches  to  state  A,  In  state  A if  light  in  the  reading  band  is 
absorbed,  the  state  does  !iot  change.  Hence  this  band  can  be  used 
for  sensing  the  state  without  changing  it. 


It  is  apparent  therefore  that  change  of  state  can  take  place 
either  by  activation  or  by  bleaching;  either  of  these  bands  can 
be  used  for  recording  the  infromation,  while  the  sensing  or  reading 
takas  place  using  light  in  th®  reading  band. 

The  writing  can  take  place  in  one  of  two  ways.  (l)  Initially 
the  material  la  in  state  A.  Activation  is  used  to  convert  it  to 
state  D,  and  the  absence  of  the  reading  band  indicates  that  the 
film  has  been  written  upon.  (2)  Initially  the  material  is  in 
state  B.  Bleaching  is  used  to  convert  it  to  state  A,  and  tha 
presence  of  the  reading  band  indicates  that  the  film  has  been 
written  upon. 

The  important  properties  of'  photochromic  film  as  an  optical 
recording  medium  may  b«  suiwaarlzsd  under  th©  following  headings: 

1.  wrlte-read-eraae  modes 

2.  spectral  transmittance  and  spectral  abaorpf  -'n 

3.  sensitivity  of  optical  density  changes  to  orv.  rgy  Input 

it.  reversibility 

5.  spatial  resolution 

6,  thermal  fading  ret® 


properties  will  now  be  briefly  described. 


(,■ 
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The  Important  characteristic  of  photochromic  film  la  lia 
ability  to  Chang©  its  optical  density  in  a reversible  manner,  upon 
the  absorption  of  optical  radiation  of  specified  wavelengths.  The 
thermal  fading  rate  i@  slow  (minutes  to  hour*)  and  the  spatial 
resolution  can  be  high  - th®or®bl eally  in  the  100  angstrom  range. 

The  optical  density  of  a film  (typical  films  of  transparent 
plastic  are  of  the  order  of  3 mils  thick)  is  defined  as 


optical  density 


where  1^^  ia  the  incident  radiant  flux  and  la  the  tranaraitted 

radiant  flux.  T ia  th©  traneaiittivity  of  the  film.  The  film  will 
be  considered  a transparent  medium  in  which  one  loads  photochromic 
coaapounda  (either  in  the  bulk  or  on  the  aurfacc)  in  various  concen- 
trations. We  shall  measure  radiant  flux  in  wiatts  or  roniiwatto  per 
2 

cm  . 

Very  often  the  optical  density  D is  expreeeed  In  declbelsj 

D (in  db)  - 10  log  — ~ 10  log  - 

Ig  T 


The  optical  donalty  of  a photochromic  film  will  vary  as  a function 
of  the  wevelerigth  - usually  oxpressed  in  mllllmicrona  or 
- of  the  Incident  radiation,  and  of  the  energy  deposited  (expressed 
in  Joules  per  cm  or  islllijoules  per  cm  ) as  a function  of  wavelength. 
A photochroEiic  J llm  will  usually  have  at  least  two  wavelength  ranges 
viiith  opposite  behavior?  An  activa tion  viav® length  range,  within 
which  the  absorption  of  energy  will  increase  th®  optical  density  of 
®n  initially  trsnaparent  film;  and  a bleaching  wtvel.ength  rang®, 
within  which  the  absorption  of  energy  will  decrease  the  optical 
density  of  the  film.,  Usually  there  will  also  be  a neutral  wavelength 
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rarxga  b«tw®en  the  activation  rang©  and  the  bleaching  rang®.  In 
which  there  will  b®  no  affect  on  the  optical  density.  The  activation 
range  will  uaually  b®  in  the  (altraviolet  or  deep  violet-blue,  while 
tha  bleaching  range  will  usually  be  i¥i  th®  green-yellow,  orang©-red, 
or  infrared.  For  a typical  photochro^io  glass,  Megla*  gives  the 
following  ranges: 


Activation; 

Between 

330  m>A 

and 

^JOO  my 

Neutral: 

Between 

^30  myi 

and 

530  mj/i. 

Bleaching; 

Between 

530  my 

and 

630  SttjA 

The  existence  of  these  three  wavelength  ranges,  whose  optical 
effects  are  widely  differexit  fro»  one  another,  ai*e  th®  basis  for 
optical  recording  on  photochromlc  film.  The  activation  wavelength 
range  and  the  bleaching  wavelength  range  have  opposite  effects. 

The  neutral  wavelength  range  permits  a probing  beam  or  probing 
function  which  can  read  the  recorded  data  without  writing  or 
erasing.  There  are  two  syatests  of  recording  with  photochromlc  film: 

System  1 

Write:  Uses  the  bleaching  mode 

Read:  Uses  the  neutral  wavelength  or  probing  function 

Erase:  Uses  the  activation  mod® 

System  2 

Write:  Usee  the  activation  mode 

Read:  Uses  the  neutral  wavelength  or  probing  function 

Erase:  Uses  the  bleaching  mode 

Since  solid  state  writing  heads  with  high  bit  resolution 
can  b®  made  in  the  bl@@chl:'ig  wavelengths  but  not  (to  date)  in 
the  ultraviolet  activation  mode,  only  System  1 will  be  useful 
for  optical  computer  applications. 


« Meglsi,  Q.K.,  "Optic©!  Propertios  and  Applications  of  Photo- 
chromic  Glaa®'*,  Applied  Optics,  June  1966,  p 9^56 
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Speotral  Tranamitta nca  and  Spectral  Abaorpt ion 

Th®  spectral  transmittance  is  given  by  a functional  relation 
between  optical  density  D and  wavelength  A , of  the  form 

D = D(  A ) 

This  la  called  the  activation  spectrum  in  the  activation  range, 
and  the  absorption  spectrum  in  the  bleaching  range.  It  can  be 
meaaui'ed  using  a scanning  Monochromator  In  conjunction  with  a 
xenon  arc  lamp.  The  optical  density  can  b®  measured  with  a 
densitometer.  Tne  saturation  optical  density  will  depend  on  the 
film  thickness. 

In  the  activation  range  one  can  express  the  spectral  tranamittanc© 
a@  an  activation  curvet 


D, 


D.(^) 


In  the  bleaching  rrng®  one  can  express  the  spectral  transmittance 
88  an  absorption  curvet 


3 


V>') 


The  bleaching  effect  at  any  wavelength  will  be  proportional  to 
th®  opticel  absorption  at  that  wavelength. 

In  measuring  8p«cti*el  cransmittance  th©  probing  beam  should 
h«ve  minimal  activation  or  bleaching  effect  on  th©  film,  T1  a 
film,  on  the  other  hand,  should  have  a strong  effect  on  the  probing 
beam.  When  there  la  a large  difference  in  transparency  between  the 
bleached  and  activated  (unbleached)  portions  of  the  film,  a large 
aignal-to-noise  ratio  (high  contrast  ratio)  will  i-essult.  This  Is 
important  in  detection  of  the  optical  signal. 


'■•virV.Cii. 


Typically,  the  ipectral  absorbance  18  measured  by  passing 
light  from  a l600  watt  xenon  ere  lamp  aouro©  through  a monochrome  tor . 
On®  then  detects  the  cheng©  in  film  density  with  a radiometer. 
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Senaltlvity  of  Optical  Penalty  to  Energy  Input 

Tha  sanaitivlty  of  a photochromic  fiija  to  the  radiant  energy 
deposition  la  given  by  the  functlonsl  relationship  between  D and 


th©  iogarithjia  of  the  energy  input  E,  where  E is  the  optical 


power  deniity  in  watts  par  csi  siultlpiied  by  the  exposure  time, 


Thus  E is  measured  in  Joules  per  cm 
Is  denoted  by  nr: 


2 


The  slop©  of  this  curve 


nr  = tan 


A D 


A log  E 


In  both  the  activation  range  and  the  absorption  rangOp  T w 1 
vary  between  0„1  and  1,  depending  on  the  film  and  the  wavelesjgth. 

Some  typical  photochromlc  film  soneltlvlties  can  be  cited  as 
follows;  For  a 1 db  change  in  optical  density  the  energy  density 
required  is  of  the  following  order  for  the  most  sensitive  films: 

-2  ..-1 


activation 


bleaching 


3 to  15 
30  to  50 


ij  cm 


db 


®J  cm“  db' 


In  comperiaon,  conventional  photographic  film  (ASA  32)  requires 

~9  - -2 

^ j*_.  r\  ^ L.  A*.  rr  r T"  ^ . t 


1 lumen  m "■  for  0.?5  aec  to  obtain  6 db.  At  555  i®_H  1 lumen  m 
la  0,l6l  microwatts  per  om*^.  In  0.25  the  energy  deposition 


required  is  ^ x lO"-^  mj  cm"”  for  a 6 db  change  in  optical  (iensity, 


-2 


SB  compared  with  l8  »J  ca”*^  for  photochroaic  film.  Thus  photoohrowlc 
film  is  about  10“^  tl^aes  less  sensitive  than  conventional  photographic 


film. 


This  lower  aeneltlvity  can  be  accepted  however,  for  many  optical 
recording  applications  because  of  the  many’  advantages  of  photochromic 
film,  specifically  its  reversibility  and  its  high  resolution.  Th® 
Important  consideration  ie  whether  it  Is  sufficiently  sensitive  for 
optical  recoi'ding  with  available  high  resolution  writing  heads.  Thu® 
th®  matchxng  of  high  resolution  writing  heads  to  the  photochramlc 
film  sensitivity  is  th©  Important  recording  criterion. 
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It  is  important  to  know  the  photochromic  sensitivity  to 
optical  density  change  which  can  b®  easily  measured.  With  a 
apoctrometer  one  can  easily  distinguish  an  optical  density 
change  of 

D = 0.02  <3b 


(The  human  eye  sensitivity  is  0.1  db.) 


Thus,  even  if  the  energy  density  required  for  bleaching 
were  10  Joules  cm”^  db”^,  the  sensitivity  of  the  film  for  reading 
a bit  would  be  only  1/50  of  this  or  0.2  Joule  per  cai^. 


Reveratbllity , Spatial  Resolution,  'rheraal  Fading  Rat e 

Photochrowic  films  will  have  to  be  operated  for  hundreds  of 
hours  without  degradation  of  properties.  Hence,  reversibility 
fatigue  Is  a vary  important  probloim. 


Spatial  resolution  of  images  appear*  to  be  much  better  than 
for  conventions!  film,  in  which  resolution  is  limited  by  grain 
size.  In  conventional  film  the  limit  of  resolution  is  100  to 
500  lines  per  mm,  equivalent  to  1 to  10  microns.  In  photochromic 


film  the  llffdtation  la  molecular  in  sire,  of  the  order  of  100 

.-2 


engatroma  or  10  mloronR. 

Thermal  fading  ratoa  of  siinutea  to  hours  have  been  observed 
at.  TOOK  temperatures  for  photochromic  films,  depending  on  the  film. 
At  refrigerated  temperatures  the  thermal  fading  rate  is  much  slower. 
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2, 2 Limlnescent  Diodai  Writing  Heada 

Luainescenfc  diode  writiimg  heads  have  a number  of  potential 
advantages  for  recording  on  photographic  film:  Th©  luisinescent 

P-N  Junction  area  can  be  in  close  contact  with  the  film  leading 
to  efficient  utilisation  of  the  radiant  energy.  'Fhe  radiant  power 
density  produced  by  electrical  pulses  can  be  appreciable,  of  the 
order  of  milll Joules  per  cm  for  short  puls®  lengths.  The  sis© 
of  the  illuialnated  region  can  b©  a few  square  »11#,  8»all  enough 
to  achieve  a relatively  high  packing  density  of  inforaatlon  on  the 
film  without  requiring  optics.  There  la  also  the  potentiality 
that  each  diode  will  hav®  @ large  operating  range  in  which  the 
radiant  energy  output  will  be  proportional  to  the  current,  making 
it  possible  to  operate  it  as  an  analogue  recorder  a@  well  as  a 
digital  recorder. 

Another  impor' «nt  consideration  Is  th®  possibility  of  fabrics tlrg 
luainoscent  diodes  in  array  configuration.  Since  many  recording 
channels  are  required  along  the  width  of  the  film,  a linear  array 
of  diodes  is  needed.  Neutron  transmutation  doping  was  selected  as 
a promising  method  for  fabricating  a luminescent  diode  array  with 
relatively  close  spacing  in  a single  step.  This  doping  method, 
which  is  described  in  detail  in  Section  3*  has  the  capability  of 
fabricating  a linear  array  of  P~N  Junctions  of  almost  arbitrary 
length.  In  a single  semiconductor  crystal,  with  a diode-to-diode 
Minimum  epacing  In  th®  10  to  30  »il  range.  Thus  a 70  mm  film  width 
(2800  mils)  can  potentially  have  200  channels  recorded  on  it  with 
a luai3.neacent  diode  array  produced  by  transmutation  doping.  One- 
hundred  ch©rm®l8  should  certainly  ba  feasible.  Such  s luminescent 
diode  writing  head  array  produced  by  transmutation  doping  is  shown 
schematically  in  Figure  2.  Note  that  the  P-N  Junctions  produced  by 
transmutation  are  norssal  to  the  surface. 
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ttlectricel  l®ada 


evaporated 

ohmic 

eontscts 


Infrared  emisalon  from 
P-N  Junction  regions 


Figure  2. 


Semiconductor  Junction  Array 
Writing  Head 
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2 . 3 Spoelflcatlonis  for  a Multiple  Channel  Kecordlng  System 


Tha  apeclfications  for  a jaultipl®  channel  recording  ayatem 
include  th®  following* 

1.  Number  of  chennelfij-  Each  channel  will  conalat  of  a row  of 
spota  along  the  length  of  th®  fila.  Thus  the  number 
of  channels  must  fit  into  the  width  of  the  film,  which 
will  be  taken  as  either  35  »®  or  70 


2.  Audio  bandwidth  per  channal:-  This  will  be  a few  thousand 
cycles  per  aocond. 


3.  Sampling  rsata  per  channel:-  E«ch  channel  must  be 

one  or  more  tiKi@a  per  second  for  each  cycle  p«r  second 
of  bandwidth. 

B'llm  width 


5.  FI  Isa  width  per  channel 

6.  Film  spaed 

7.  Spacing  between  time  points  on  the  film  ' 

8.  Total  recording  time  for  the  system  using  a single 

reel  of  photochromic  film 

9.  Total  length  of  filai  required  for  the  total  recording  time 

10.  Number  of  repeated  cyclings  required  for  a 1200-foot  reel 


Ideal  System 

A set  of  ideal  system  specif icatlons  can  be  calculated  for  a 
1200  channel  aystem.  A 6000  Hz  bandwidth  per  channel  is  desired. 
If  one  samples  the  signal  and  records  at  a rata  of  3 samples  per 
H?!  of  bandwidth,  this  will  lead  to  a sampling  rate  of  l800  per 
second  per  channel.  On  a 35  film  this  will  lead  to  a width  per 
channel  of  about  1 mil.  At  a spacing  babweisn  time  points  of 
l/3  mil  this  will  require  a film  length  per  second  of  l8000  x 1/3 
•mil  ~ 6 inches  per  second. 
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fit  total  recording  tisie  of  30  days  will  i>«  asauawd  for  the  uae 
period  of  the  aystsas  with  a 1200  foot  reel  of  photochrosaic  fil». 
This  will  require  a total  filsi  length  of  1*5  * '0^  feet.  The 
1200  foot  reel  must  therefore  be  re-Ussed  1250  tisaea  in  the  course 
of  the  30  day  period.  This  is  alsiosfc  attainable  with  on®  photo- 
chroaftlc  »A^iterlal  which  was  invaetigated , 


Diode  Array  - Optlwua  Paragteters 

The  beat  diode  array  which  one  can  expect  to  fabricate 
reliably  by  neutron  ti^anaautatlon  fcechniquea  will  have  an  inter- 
diode  spacing  of  9 mils,  giving  a 300  channel  array  over  th©  width 
of  a 70  aa»  photochroaiic  fil®.  The  aaini«ujB  spacing  between  diode 
lines  in  the  direction  of  fll»  length  will  be  get  by  th©  sainimuffi 
junction  dl»en®lona  noraial  to  the  fll®,  which  are  approximately 
2 ails  by  2 mils.  If  one  selects  « bandwidth  per  channel  of 
3000  Kx  to  bo  sampled  twice  per  cycle  per  second,  this  giv®8  a 
a«»pllrig  rate  of  6000  par  second  per  channel.  For  a spacing  of 
two  mils  between  recording  points  the  film  speed  per  second  must 
b«  6000  X 2 mils  = 12  Inches  per  second.  For  a 30  day  period  of 
use  one  will  therefore  require  a total  film  length  of  3 x 10°  feet. 
The  number  of  re-use  cyclea  required  for  a 1200  foot  reel  of  photo- 
chromic  film  will  therefore  be  2500.  This  is  et  least  3 times 
greater  than  the  maximi!®  number  of  cycles  over  which  we  could  operate 
the  beet  photochroaiic  material. 


Diode  Array  - Achievable  Parasaetera 

W@  now  consider  a diode  array  fabrlofited  by  transmutation 
doping  Whose  properties  are  more  repreB®nt«tive  of  what  can  \ 
achieved  at  present.  The  inter- Junction  spacing  (width  per  channel) 
ia  27  mils  leading  to  a 100  channel  array  for  JO  tm  photochromic 
film.  Th©  spacirsg  bet’ween  recording  points  In  th©  time-point 
sequence  on  a channsl  will  be  taken  aa  8 sails,  since  this  is  the 
width  of  the  seiiiconduotor  wafer  on  which  th@  diode  array  la  doped. 
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%ain  we  assume  a bandwidth  of  3000  Hz  par  channel,  and  if  two 
tine  saiapleB  per  Hz  of  bandwidth  are  recorded,  one  obtains  a total 
of  6000  sample  pointa  ps^r  aeoond  in  each  channel.  Since  these 
saapie  points  are  0 mils  apart,  one  requir®®  a film  speed  of 
6000  X 8 mils  or  48  Inches  per  second.  In  a total  use  time  of 
30  days  for  the  system  this  leads  to  a total  film  length  of 
12  X 10^  feet.  With  a 1200  foot  reel  of  film  this  requires  that 
the  fllBi  be  re-used  10,000  tlmea , Since  the  best  photochromic 
materisl  excmined  did  not  permit  more  than  800  cycles  of  re-use, 
it  is  clear  that  this  system  cannot  be  operated  for  the  desired 
30  day  period  with  the  available  photochromic  materials. 

It  appears  likely  however  thtt  in  the  future,  inorganic 
photochromic  materials  will  be  available  which  will  permit  this 
number  of  re-uses.  It  la  therefons  of  interest  to  point  out 
(Section  2.4)  some  of  the  detailed  considers tiona  on  which  thia 
anslyaia  is  based. 
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In  order  t > utilisa  photochromlc  films  in  an  optical  cross 
correlator  as  a high  denalty  racycleabla  memory,  certain  physical 
conditions  must  b®  met.  The  density  or  total  amount  of  information 
that  can  be  iiapresaod  upon  the  film  must  be  sufficient  to  meet 
overall  syatem  requirements.  The  sensitivity  of  the  film  to  the 
recording  light  must  be  sufficiently  high  to  match  the  frequency 
and  power  output  of  available  activating  and  bleaching  light 
sources,  end  sufficiently  insensitive  to  the  reading  light  so  that 
the  inforaation  may  be  transfarred  to  the  coherent  light  with 
acceptable  degradation.  The  lifetime  or  number  of  cycles  of 
activation,  bleaching,  end  readout  procesa  is  an  Important  con- 
sideration, perhaps  the  moat  critical.  The  various  physical 
requirements  upon  the  photochromlc  film  are  not  independent.  The 
sensitivity  detartainea  the  ultraviolet  exposure  which  therefore 
will  b®  shown  to  datanaine  the  degradation. 

Other  properties  are  likewise  of  Importance.  The  thickness 
of  the  film  required  to  obtain  the  aensitlvlty  11ml to  the  resolution 
and  therefore  the  Information  capacity  of  the  film.  The  variation 
of  index  of  refraction  with  ohsngea  in  optical  density  must  ba 
minimsl  to  avoid  affecting  the  cohsi'ence  properties  of  the  laser 
beam  used  for  i^eadout.  Changes  in  Index  of  refraction  would  require 
the  introduction  of  an  index-matching  liquid  gate. 

3yat®a  Design  a a Related  to  the  Phot o chromic  FHib 

In  the  coherent  optical  cross  corrslator  the  photochromlc 
film  which  is  the  heart  of  the  system,  is  Involved  in  two  atapa: 
a writing  step  end  e readout  step.  The  writing  atop  putu  the 
inforsaatlon  received  by  th©  overall  aystom  upon  the  film.  The 
resdii'ig  step  tak«^8  th®  inforaetion  from  the  film  end  transfers  it 
to  a coherent  laser  beam  which  subsequently  performs  the  croae- 
correlation  procedure,  Thea©  two  steps  involving  th©  photochroMic 
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film  require  three  physical  processes  in  the  interaction  of  light 
and  the  photochromlc  material;  1)  An  activation  process  In  which 
the  photochromic  moloculaa  absorb  an  ultraviolet  photon  and  become 
excited  from  a colorlese-tranaparant  to  color-absorbing  state. 

2)  A bleaching  process  in  which  the  film  is  exposed  to  red  or 
infrared  and  is  returned  to  unexcited  state.  3)  The  reading 
process  in  which  the  film  is  exposed  to  light  at  a wavelength  which 
leaves  the  state  of  the  photochromic  molecule  unaltered.  These 
three  processes  detersdne  the  conditions  under  which  the  photo- 
chromic  film  operates.  Th®  order  in  time  of  these  processes  is 
determined  by  the  eyatem  design  and  the  light  sources  available. 

In  the  system  considered  hare,  th®  film  is  activated  fir  at 
by  ultraviolet  and  th<^i  lnforB>£ation  la  then  recorded  through  writing 
by  means  of  bleaching.  This  mode  is  chosen  since  broad-area  ultra- 
violet aources  of  any  power  output  are  available  vjhile  point 
ultraviolet  diodes  do  not  exist.  However,  red  light-emitting 
gallium  araenide  phosphide  diodes  do  i xist. 

It  la  seen  from  th©  experimental  data  diacuaaed  in  Section  3 
that  the  most  serious  limitation  upon  the  system  design  ia  the 
degradation  of  the  physical  charscteristlca  oi’  tho  photochromic 
material  itself  in  the  course  of  normal  operation.  Both  the 
photochromic  properties  and  the  tranamlsiylon  character.lat.lcs  of 
the  fi.ia  are  affect&d  and  o.ne  must  dosl.gn  th©  system  under  those 
llsaita tiona . One  sruat  decide  from  such  considerations  whether  in 
.fact  a system  can  be  designed  at  all  to  satisfy  the  operating 
criteria  for  a particular  purpose. 

^ hobochroBtlc  FllmB 

The  system  .sauat  go  through  the  three  stages  of  ultraviolet 
activation^  bleachifug  by  red  light.,  reading  by  tranamlsaion  of 
laser  beam.  .For  thoa®  sG<iSp8  to  be  carried  out,  the  film  must  b® 
t.rsnsported  frosi  storage  thro\.ig,h  the  various  optical  steps  to  the 
second  storage  bin.  Whan  the  film  reaches  the  end  of  the  roll,  it 
ia«y  b®  rewound  and  started  age'  i or  with  appropriate  mechanical 
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on.V.  opt.ioftl  iiliv'ir*t  lonu,  th«  tty«t«m  can  be  oporabtsd  in  the  revci’so 
■ 1 1 reo 1. 1 on . Th«i  reqiiS,r«i*i«nts  upon  the  film  velocity  Is  determined 
by  Uk«  Cfflqul  r«tntar>ta  of  t,h*S!  ayetsm  and  thi«  physical  properties  of 
the  n lai,  aiul  tlu‘)  propi'ctlow  of  mult l-olement  writing  diodes.  The 
r-s«dtnj.\  op<firation  and  fch«  ultrftvtolet  aotivation  introduce  no 
further  ronwtnil.nta  upon  the  eyatou.  This  ariaea  since  broad-arse 
ultrttvUrU'it.  Bourcoe  of  niLf«rly  any  powor  aro  available.  The 
capacity  of  the  laser  likewise  to  tramsKsit  *nd  receive  inforsiation 
iH  ravn-h  fr.'"o«ter  than  required  by  system  specif  icatlons  „ 

The  requirements  of  the  syatsio  are  dlHCUsoed  in  the  previous 
aectlono  it  ),w  apparent  frosi  this  ttnalyfflla  that  rou/sing  the  film 
In  Buo(Kie«tv«  runa  1«  e«»enti«l.  Thus  thufi  llfetlsaep  tira  number  of 
cycUw  Uie  film  can  i:,o  throiigh  while  rt^taining  the  desired  charac- 
ter latlo«,  b«comea  orltioally  iaaportant. 
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In  SecAtiop  1 we  report  the  detffliltiJd  measurements  which  w® 
wade  on  maLerisltt.  However,  the  definition  of  ra  lifetisae  for  the 
photoohi-owl;',  film  is  atablguous,  depending  upon  th«  history.  The 
d«gr'®dc 1 5; on  of  «ot:lvJ,ty  i,«  apparently  a function  both  of  the  total 
uU.n<3v.lol ot  «®x.posurQ5  the  stKte  of  , activation  of  tha  niaterlal. 

ThUv  \m(^na  that  continuous  ultraviolet  eitpoaure  would  load  to  a 
shorttsr  Ufs'^time  then  (1(»ttsrsaln«d  through  a cycling  process  of  th® 
ultraviolet  oxpoeurw.  Thus  on®  idaelly  should  defcermin® 

the  llffttlsio  under  th«5i  conditions  ®®t  by  th®  syst^stsu 

V/«ii  aihtsll  choose  I'or  reasona  discusMOd  balow,  a 3 db  change  in 
th«.v  (Unsity  of  the  fiiya.  This  choice  is  dictated  by  lifetiaae 
oonalderat: lonw.  TVtus  a lif^tlssi©  iwasureTOnt  should  b®  one  in  which 
th®  ultrn violet  exposure  le  sufficient  to  c«as«  a 3 db  change 
followed  either  by  bleaching  or  the.mal  decay.  Measur^wnts  upon 
VL316,A  X*min«t«d  glsaa  give  a result  of  from  600  to  1200  cycles. 
Th®  ifisnufacturer  report®  that  under  similar  conditions,  1000  cycles 
w®r«  achieved.  i?or  acrylic  fllras  the  were  far  l®as.  W® 

8h.«U  choose  to  consider  800  cycle®  asi  a resaonable  estimat®.  Thie 
■ ')!  by  a factor  of  10  thsn  the  cycling  capability  required  in 

.*'lecfcioh  2.3< 
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It  ha®  hmn  demonstrated  that  t.i'®  glass  lardlnat®  is  greatly 
superior  to  the  acrylic  fil»,  Hotv®«ers,  th®  use  of  glasf^  laminate 
usually  precludes  th©  «BaployBi®Kt  of  & continuous  atrip  reeled  and 
tiweeled  as  are  th®  films.  Glass  laminate  eh®@t  could  in  principle 
ba  ©sstployad  through  the  us©  of  two  right  angle  travareing 
®®ohani@B»s  ®o  that  th©  antir#  gurfaca  is  moved  through  the  active 
are®.  This  procedure  ia  r®strioted  by  meohanlcal  and  space 
limifcatlona.  We  therefore  propose  a method  which  could  take 
advantage  of  both  the  prop®rties  of  the  glass  and  of  the  acrylic 
film.  We  suggest  mounting  th®  glass  laminsste  upon  flexible  belts 
in  aufficlontly  thin  and  small  sections  ao  thrfc  the  belt  could  b® 
driven  exactly  as  would  flexible  film.  Th«  actusl  machaniesl 
nrreng«Baent  to  insure  proper  transport  between  adjacent  facets 
would  introduce  some  complexity.  Thus  th@  longer  lifetime  of  the 
glass  ISBitlnst©  could  be  employed. 


Since  the  degradation  lifefcian®  ia  so  important^ 
have  been  conducted  In  this  laboratory  upon  th®  possibility  of 
increaroing  the  lifetiffl©  for  photochrosaic  activity.  It  has  been 
0ugg®gted  that  the  longer  lifetime  for  th®  glaaa  laminate  as 
compared  to  tha  acrylic  film  is  du®  to  oxygen  being  kept  away  fro»i 
th®  photochromic  molecules.  ^ photochemical  process  involving 
oxygen  in  th®  presence  of  ultraviolet  is  a possible  mechanism. 
Therefore  e ooanpariaon  of  lifetime  of  photochromic  acrylic  films 
<?jas  msda  In  normal  atMosphere,  vacua®  conditions,  and  nitrogen 
afemoaphere.  The  rather  surprising  result  was  found  that  the 
lifetisae  under  the  three  conditions  is  th®  laiae.  This  may  be  due 
to  one  of  two  causeso  Either  oxygen  does  not  effect  tis®  degradation 
or  ®lm  oxygon  was  still  supplied  to  th«>.  photochrosvlc  aoleculea 
through  th®  action  of  the  ultrs violet  upon  the  solvent  for  the 
photochromic  molecule®  or  from  th®  acrylic  film  itself. 
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Power  Requirements  for  Writing  Diode 

We  have  determined  for  the  VL.316A  gle^i  that  the  power  density 
for  a 1 db  bleaching  change  for  red  light  at  60OO  8 is  1^ 

asi  Hi  Joules/cm'" . For  « spot  size  of  area  20  square  kHs,  an 
energy  of  17.5  x 10  lallli Joules  is  required,  and  for  300  chaiinels 
one  therefore  requires  5.2  x 10”^  Joules  per  cycle.  For  foOOO 
repetitions  per  second  one  obtains  about  3 watts  of  radiant  power 
required.  Finally  the  naxlaua  power  for  a 3 <Sb  change  gives  an 
approximate  upper  limit  of  9 watts. 

Writing  Mode 

The  writing  mode  requires  that  the  photochromic  material  be 
darkened  by  exposure  to  ultraviolet  light  to  a desired  density 
and  than  transported  to  the  writing  station.  The  radiation  from 
the  diode  Junction  then  bleaches  the  film.  The  amount  of  bleaching 
that  takes  place  depends  upon  the  total  energy  delivered  by  the 
diode.  This  will  bo  proportional  to  the  pulse  height  and  duration, 
the  velocity  of  the  film,  the  density  to  which  the  film  has  been 
darkened,  and  the  previous  history  of  the  photochromic  film.  The 
amount  of  Information  i*«quir«d  as  well  as  the  scattering  and 
background  fluorescent  light  also  affect  the  bleaching  required. 

In  particular  a requirement  for  ten  levels  of  Intensity  per  channel 
sets  up  stringent  considerations  upon  the  intensities  employed  and 
the  allowable  cross-talk  and  aa  well  on  the  density  and  background 
fluctuations.  We  have  imposed  the  condition  in  order  to  allow 
practical  lifetime  that  the  dynamic  range  b-stween  activation  and 
bleached  densities  should  be  no  more  than  3 'b.  This  is  to  be 
divided  into  ten  levels,  the  intensity  change  Is  only  3 db  so  that 
fluctustlona  in  density  or  light  intensity  must  be  such  aa  to  give 
a density  of  change  in  the  film  of  no  more  than  1%.  Thus  the  entire 
process  must  ba  controlled  to  75^.  The  entire  process  must  be 
monitored  as  shown  in  Figure  3. 
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Digifessl  repr@8«ntation  In  th?#®  channels  splits  the  information 
Into  three  parts  with  a 1 db  change  per  level  corresponding  to  a 
tolerance  of  fluctuations  of  20^.  Thus  the  stringency  of  the 
Bsonltoring  Is  greatly  reduced.  Sine®  the  bleaching  does  not  affect 
the  lifetime!  and  the  film  la  irradiated  uniformly  with  ultraviolet, 
only  on©  meffistrement  is  required  to  monitor  the  filKx  rather  than 
®n©  at  each  ci.  mnel.  To  ensure  that  the  film  returns  to  e uniform 
condition  it  Ki'ay  bo  necessary  to  have  an  auxiliary  bleaching  station 
before  undergo  aig  ultraviolet  activation.  ITila  Byatem  requires 
®lso  that  the  film  properties  are  Individually  uniform  over  the 
active  area. 

Another  consideration  involved  in  the  writing  mode  is  th® 
effect  of  the  film  motion  upon  the  writing  action.  This  is  a 
function  of  both  the  filn  ape®d  and  the  durations  of  the  writing 
puleea.  For  a pulse  of  finite  duration  asvS  a non-zero  film  velocity, 
nh®  pulse  would  not  produce  a circular  spot  but  a line  of  variable 
thickness  and  density.  This  may  cause  difficulty,  especially  since 
the  pule©  height®  ar©  varied.  To  lalniBilge  this  effect  offsetting 
the  Image  luay  be  useful.  However  the  diode  i»  to  be  operated  In 
close  proximity  to  the  film  for  maxlmUM  effect  so  that  offsetting 
may  not  be  practicable.  Keeping  the  puls©  duration  constant  and 
varying  only  the  height  would  give  ris©  to  relatively  uniform  shape 
so  that  it  could  be  allos<fed  for  in  fcha  readout.  An  alternative 
method  would  be  bo  bring  the  film  to  a stop  before  a puls©; 
this  would  odd  mechanical  compile® tions . Halation  of  the  gaussian 
energy  distributions  across  the  diameter  of  the  spot  would  result 
in  th©  spot  size  increasing  with  beam  intensity.  This  la  unavoidable 
and  must  be  considered  in  the  readout.  The  effects  of  variations 
in  spot  size  and  shape  with  intensity  must  b®  Investigated 
experi aenfcally  under  operating  conditions. 
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Activation  Moda 


The  activations  or  darkening  of  the  film  la  accomplished  by 
uniform  illumination  by  an  ultraviolet  long  wave  lamp  through 
lenses  and  slits  so  that  only  the  area  correaponding  to  th®  lm®g« 
sise  of  the  multi -element  diode  ia  exposed.  Th®  density  change 
as  dlocusaed  above  may  require  monitoring  at  the  beginning  and 
end  of  the  roceas.  Either  the  intensity  of  the  ultraviolet  lamp 
or  the  duration  of  the  exposure  m»y  be  controlled  to  exactly 
maintain  the  3 db  dynamic  range  independent  of  the  hiatory  of  the 
film. 


Reading  Mode 


After  the  film  ia  activated  and  written  upon,  it  la  trans- 
ported to  the  reading  station.  The  film  ia  exposed  to  a laser 
beam  of  frequency  about  5000  ^ that  does  not  bleach  or  activate, 
l^vo  types  of  readout  ®x'e  possible.  One  la  carried  out  by 
scanning  the  beam  across  the  300  channels  so  that  the  beam  is 
fflodulsted  by  the  film.  This  modulated  beam  then  transfers  the 
information.  The  other  method  utilizes  a spatially  uniform  laser 
beam  and  transmits  a pattern  of  light  and  dark  spots  such  that 
each  channel  is  displayed  simultaneously.  The  latter  method 
would  involve  a mosaic  of  detectors  as  well  as  circuits  adapted 
to  simultaneous  (@a  opposed  o serial)  tranamlssion.  This  would 
require  new  techniques  but  pe;.mit  greater  use  of  the  Infonaation 
capacity  of  th©  laser  beam  and  may  be  of  some  future  Interes- , 


Conclusion 


We  have  doscribad  e photochromic  system  which  appears 
feasible  for  short  opers'lng  periods  of  up  to  30  hours.  Longer 
periods  would  require  Increased  llfstliae  for  the  photochromic 
material.  The  film  suggested  1b  VL316  or  equivalent,  T!iis 
material  Is  available  only  as  a glass  leialnate,  which  might  for 
exempl©  be  mounted  in  narrow  stripe  on  ® flexible  belt  to  approximit© 
the  handling  ease  which  is  characteristic  of  roll  films.  Phirther 
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inveafclgotlon  should  b®  directed  to  deterailnation  of  factors 
which  affect  llfatime  of  the  photochroralc  Hieterial.  It  has  been 
suggested  for  example  that  oxygen  may  be  reeponslbl®  for  shortened 
lifetime.  Discovery  ®nd  removal  of  such  factors  could  lead  to  a 
system  with  extended  operating  lifetime. 
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SECTION  3 

PhotQiChrOittlc  Material  a AafflQGiBiwnb 

The  important  characteristicis  of  photochromlc  material  ®re 
l)  it0  revoreiblllty , 2)  3 t®  spectral  r®ng®,  3)  the  energy 

density  required  for  bleaching  and  it®  expected  lifetime  in 
cycles  of  use,  A program  of  maaeureEsenfca  wss  carried  out  on  a 
nuifflber  of  available  phofcochroaftlc  ma tori®  1b  to  determine  these 
characteristics.  The  measurensentG  and  results  are  described  in 
this  section, 

Photociu:''OBdc  mat@rial  measurement  a are  described  in  iection 
3.1.  The  results  are  suaaaGrized  in  Section  3.'^.  It  was  found 
that  only  one  available  material  had  th©  spectral  range  and  low 
energy  density  for  bleaching  that  Is  st  all  compatible  with 
luminescent  diodes.  It  wss  also  found  that  the  lifetisa©  in 
uc®  cycles  of  the  aysfcem  is  relatively  limited. 

The  lifetime  of  th®  photochromic  film  is  limited  by  the 
deterioration  of  the  chessical  compound  in  the  ultraviolet  activation 
process.  Bleaching  and  reading  do  not  lead  to  the  aging  effect. 
Deterioration  of  the  photochromlc  material  is  observed  as  a residual 
darkening  of  the  film,  not  romovable  through  the  bleaching  process 
and  apparently  peratanent.  As  the  deterioration  proceeds,  more 
ultraviolet  light  Is  required  to  prodnice  a given  density  change. 
Eventually  the  film  is  no  long  n*  senaitlve  to  either  activation  or 
bleaching  light.  Since  the  deterioration  i«  proportional  to  the 
ultraviolet  exposure,  the  minimum  exposure  coapatib?.®  with  th® 
operating  condition  of  the  system  is  desirable.  We  have  selected 
a 3 db  dynamic  range  for  our  systoia  considers tlons.  Measurements 
on  the  UL316A  film  (the  moist  satisfactory)  both  for  laminated  and 
acrylic  films  indlcat®  an  expected  llfeti<^  of  800  cycle®-  This 
means  that  th®  film  In  our  ay@t®m  can  be  cycled  through  activation, 
bleaching,  and  reading  for  800  repetitions  while  retaining  th©  3 db 
dynamic  rang®. 
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Becaua®  of  th®  importano^  of  th&  lljaitad  llf«tlia@  of  tha  film, 
an  «xp©rim®ntal  investigation  was  mad®  ©f  th«  posalblllty  of 
increas?^  ng  this  lifotlm®  by  changing  th«  ch®saic©l  -.environment  of 
the  phOv.ochroBilc  material  during  the  «etlvsjtlon„  This  is  d@acrife©d 
in  Section  3-3* 
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3.1  Photochromic  Material®  M®aBu.i'‘«®«nt  H«thos3® 


Quslitafcivtt  and  Quawblfc® tlvo  ®aasur«»iant-s  hav®  baen  cerriod 
out  to  invest  Igafc©  th®  photochi*o®ic  effoct  on  variouo  filsaa  as  a 
function  of  wavalongth,  Th®  propoi’tles  of  infc©r®at  ei  i the 
behavior  with  intensity  at  the  wavelengths  of  activation,  bleaching, 
and  non-doatructive  readout.  The  activating  wavelengths  are  in  the 
ultraviolet  and  are  supplied  by  s low  pressure  mercury  lamp. 

Spectra  light  Black  Light,  filtered  to  give  only  long  wav©  ultra- 
violet tranawilttad  through  the  glass.  Th®  bleaching  wavelengths 
which  have  been  studied  range  from  575  ks  micron  (center  frequency) 
to  ..900  m micron.  The  desired  wavelengths  for  bleaching  are  in  th® 
infrared  '^x*om  600  to  900  m.  saieron.  (Thes®  wavelengths  are  ©laitted 
by  galliUHi  arsenide,  gallius®  phoephid®,  or  galliu**  araenide-phoaphld® 
l.lght-Qaitting  diodes.) 


The  photochromic  filia®  investigated  ar«  supplied  by  American 
Cysnamid  and  Varl-Light.  The  A»»rican  Cyamliftid  types  43"5^0»  43-5^0Aj 
51-1^2,  and  63-071  are  polyester  fllma  coated  on  one  surface  by  a 
photochromic  coiapound.  The  Varl-Light  types  UL-20^A  and  UL*-3l6fi 
are  supplied  as  laminated  glass  with  the  coated  film  mounted  between 
the  lamina tlonffl  which  do  not  interfere  with  th®  ultraviolet 


activation. 


Experimental  Procedure 


The  films  were  activated  through  exposure  to  the  Specfcraline 
ultraviolet  l»mp.  The  exposures  were  for  tv?o  minutes,  which  was 
a sufficient  time  to  produce  saturation  as  d@t«r»lned  through 
removal  of  all  detail  produced  by  prevloue  bleaching. 
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Bl«aching  wats  produced  through  two  distinct  experimant^l 


1.  Direct  illuaiinatiom  froM  the  la®p  Wirough  ® red  filter.  Th® 
la»ipi?  used  w@r©  the  Bausoh  and  Loab  Mioroecope  Laaip  with  tungsten 
bulb  or  the  fylvania  Hovlelight  Sun  Oun  II.  The  light  was  filtered 
with  e Tiffen  Phofcer  Wo.  25  (Hed  1,  SeriQS  C color  correction)  filter, 
Th®  light  wa®  focussed  upon  the  fllaj  by  a lone.  This  arrangement 
possesses  the  advantage  of  permitting  high  intensitlee  over  a wide 
reng©  of  wfavelangfcha.  The  filter  ©sa^nfcially  absorbs  In  the  blue 
end  of  the  speetrtm  while  transsaitting  th®  red-yellow. 


2,  To  Investigate  the  wavelength  d^ispendence  of  the  bleaching 
proceaa,  the  Jarrell-Ash  grating  monochromator  82-^21  is  employed, 
with  f/3.6  and  a dispersion  of  33  The  photochromlc  film 

ia  placed  «t  the  exit  slit  of  the  monoohr a»» tor , Sine®  the 
intensity  of  the  light  available  at  the  exit  aperture  of  the 
monochromator  is  @xtr®«i«ly  small  as  c >sap«r«d  to  direct  exposure, 
only  the  Sylvanla  ..an  Oun  with  a focussing  lens  w»a  employed. 

Also,  the  entrance  slit  of  the  aonochrowstor  was  removed,  reducing 
the  wavelength  resolution  of  the  monoohro»Btor , Long  exposure 
times  are  required.  Th®  red  color  correction  filter  is  placed 
before  the  entrance  aperture  to  remov®  the  secona  order  spectra  of 
th®  blu®  light.  The  experimental  setup  is  shown  in  Pigur©  M- , 
Since  the  entrance  slit  is  removed,  th®  wavelength  spread  at  the 
exit  slit  ia  approximately  300  f as  calculated  from  the  charac- 
teristics furnished  by  the  manufacturer  of  the  monochromator. 


Power  MeaiGuresenta 


The  relfitiv®  power  is  uteasured  by  an  International  Light  Corp. 


IL600  photometer  with  ® vacuum  photo-diode  calibrated  «o  that  the 

2 

response  at  910  m mlcrono  is  known  to  be  17^  microwatts  per  cm  per 


alcrotmp  of  photometer  reading,  A calibrated  relative  spectral 
reapons®  curve  is  furnlahed  with  the  device. 
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ffionochroma  tor 


Figure  4.  Schematic  Teat  Setup  for 
PhotochroBiic  Film 
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Detailed  r«ffiult®  of  th©  »ea8ur«»«nifcffl  on  the  various  photo- 
ohroBiic  films  are  givan  in  Section  3.2, 

Observations  and  Techaiquea 

A series  of  loeasuresMnts  was  carried  out  with  American  Cyanamid 
filsaa  63-OTl,  51-1^2,  ^3-5^0,  and  43«5^0A.  The  first  fila  samples 
had  been  stored  for  approxijsttely  four  months  before  any  extensive 
testing.  The  responses  of  the  sasaplee  to  bleaching  and  activation 
differed  widely  with  respect  to  each  other  and  with  the  curves 
supplied  by  the  laanufacturer.  Although  bleaching  was  observed, 
it  was  noted  only  at  high  light  intensities  with  the  Sylvania 
Sun  Gun  II.  The  conclusion  to  be  drawn  here  is  that  the  samples 
of  the  films  used  were  ujiatablo  with  respect  to  time,  i.e.,  shelf 
life  la  limited. 
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Film  freshly  arrived  from  the  manufacturer  was  tested.  All 
demonstrated  bleaching  effects  with  the  Bauach  end  Lojsb  Microscope 
I«a»p.  However,  ^3-5^0A  showed  bleaching  effects  with  white  light 
8S  well  as  with  red.  The  contrast  due  to  bleaching  was  noted  to 
remain  after  days  in  darkness.  The  boat  response  was  shown  by 
film  type  51-1^2. 

PHirther  investigation  of  bleaching  was  carried  out  with 
the  monochromator.  In  order  to  obtain  sufficient  J.ntenslty  in 
a spectral  line,  the  entrance  el it  to  the  monochromator  was  removed 
while  the  exit  slit  was  replaced  by  a lojiger  slit.  Since  the 
aperture  was  open  the  wavelength  focussed  on  th®  plane  of  the  exit 
aperture.  ITia  band  of  wavelerjgthe  about  th®  center  la  approxiaiatoly 
300  t or  30  m ialcrona.  The  i*ed  filter  w«a  used  over  the  entrance 
aperture  to  eliminate  effects  from  higher  order  spectra.  Bleaching 
measurements  were  carried  out  on  American  Cyanamid’a  film  type  51-1^2 
at  various  wavelengths  and  varying  times  of  exposure  (up  to  1 hour), 
P'br  expoaurejB  longer  than  1 hour,  heatli’ig  problems  develop  in  the 
saonochroBiator  which  then  requires  shielding.  Wavelength®  studied 
were  575,  600,  650,  700,  8oo,  and  9OO  m Blorons, 
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The  relative  power  impinging  on  the  film  through  the  mono- 
chromator at  settings  of  575  and  900  n riiicrona  wore  measured  by 
the  photometer,  taking  into  account  the  response  curve  of  the 
vacuum  photo  diode.  This  gives  the  expression 

Power  900  mju  _ photometer  reading  at  900  ^ senaltivlty  at  575 
Ratio  575  photometer  reading  at  575  sensitivity  ©t  900 

This  ratio  was  found  to  be  1.77.  The  power  at  900  is  therefore 
almost  double  that  at  575.  The  exposure  time  to  obtain  approxi- 
mately 3 db  of  density  change  at  575  is  30  minutes.  When  no 
bleaching  was  observed  after  1 hour  exposure  at  900  m ^ , one 
could  conclude  that  the  power  required  for  bleaching  is  greater 
than  four  times  that  at  575.  (The  manufacturer  gives  a figure  of 
^ Joulea/cm  for  bleaching  at  575  so  that  the  conclusion  la 
drawn  that  the  power  required  at  900  m is  greater  than 

O 

l6  Joules/cm'^. 

p 

Thus  we  have  se  , an  approximate  lower  limit  of  l6  joules/cm" 
for  bleaching  at  900  mm  with  a similar  figure  for  the  wavelengths 
from  650  to  900  . 
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rrop«vrl,l«s  o.('  Various  Pho{  oohrowir.!  Ri'lHus 
V*rl  L.ljifht  VL  'UtjA  UtiiBsinMtwd  Olniiis 

Aot  lvat  iom  On  ul  t'.r»v  lo.l at  aclivBtioio,  tha  fl.lffi  changaa  froH 
roloi'lflftiH  to  'I’ha  antlvMtion  dtsonya  within  30  Kdrmfc©® 

aft«r  whloh  U Uii  .Vn«ans i tlva  to  bl*«ohlni5.  Uovasv&n'f  ita 
I'aiK.l ;iuii  1 color,  a .vv’oddlah  hua,  rameiino  Tor  ov'«r  J2  hour®. 

IM  an  I'h  1 1 ig  ; lUflrtch.lrifr;  on  euro  «fc  575  to  600  lea  . At  600 

}'i  1 Oh  chfiny.rt  raQuirtvM  Sin  anttfgy  dorutilty  of  about  15  mllll 
per  OHi'  . otrc'Tig  IrlaachJ.ng  taki?rai  pli«c»»  up  to  65O  sa but  no 
blanohlnp,  1h  oba®V'Vt»d  at  660  my  . Noma  In  obsarvod  from  TC' 
to  900  111  pi 

Tho  (Itfsca.y  of  iianralttvlty  to  bl®«ching  ia  fRii'’ly  rapid. 

,i\ri:A'r  3i>  mitmtoa  from  tlM  of  ultraviolet  activstlonv  tho  blt'flcsiiing 
1«  «a'i.'/iill  fivem  Uiough  tho  color  rasaaljaa.  ThlM  giv®£3  ri®©  to 
(8  failure  of  r<iK:‘iproc.lty  «nd  Indicate®  that  an  improveusont  of 
tLvl  ty  ahould  arifso  when  pulaad  diodes  isr®  to  fo«  us«d 
Iwimfidirt  t«ly  of  ter  « c tlv«i 

Th*  matisrl«:i  f luoroitjceis  under  ultrstvlolat . Thla  orasiga 
f lxAorc«canc<i  .I9  Rr\  inidloffltlon  of  sensitivity  to  bleaching.  On© 
anuiplis  Ixscttw©  Inactive  after  several  C3fcle®  »nd  a p«»riod  of 
«tor«go  iiuid  Ilkewlflo  oasjiised  to  fluoroao®. 

This  film  type  eppttera  to  be  Kiaosiit  ault®ble  of  all  photochrofflic 
mft  t e 1 a 1 s t « a t e cL 


A (it  5,  vat  ions 


Color  chaagOi.  upon  ultraviolet  excitation  from  yellow 
to  griiiy-black. 

Bleaching?  Shows  no  sign  of  bleaching  at  any  wavelength. 

The  two  sajnp5.®^  tested  varied  widely  Isi  char^cteiriatics. 

0n«  faded  alEsoat  imwMiffifcely  upon  activation  either  by  ulfcraviolot 
or  visfitol®  light f eo  it  was  Isapoasibl®  to  deteralna  if  bleaching 
occurred.  The  othar  s®snpl®i  remaiiinad  activated  long  esiough  to  show 
that  no  blefeichirkg  occurred.  On®  s&sapl®  b®c®ja®  Inactive  after  00®® 
t'&istu  and  storage 

This  saater'ial  is  not  suitable. 


fiBserican  Cyanataid  51-1^.^- 

Activations  Uposi  ultraviolet  exposure , color  changetS  froia 
colorless  to  dark  blue, 

Bl«®chlfifcs  Bleaching  t'iar place  from  575  to  600  mm  . At 

2 

600  mju  a 3 db  change  required  13.5  Joules/ csa  . Between 
600  and  650  bleaching  occurred,  falling  off  v\*ith 

increasing  s^aveles'igth.  No  bleaching  occuxTad  from  TOO  to 
900  m fM  . 

Th®  film  retains  sensitivity  to  bleaching  at  times  greater 
than  1 hour  from  time  of  «ctii-'«tlon.  The  film  suffers  irreverslbl© 
change  after  exposure  to  intense  visible  light.  It  also  loses 
sensitivity  for  ectlvafcins  bleaching  proccasea  after  cyclic 
t@st*^s  retaining  a permanent  bluish  color. 

Thia  film  has  bleaching  properties  above  600  m^,M. 
require®  too  high  powar  densities  to  b©  useful, 


but 


Asisricain  Cyanaisiid 


Actlv&tiom  Upon  ultravlolot;  expoaura,  color  changed  from 
color l«a<8  to  purple. 

Blaschlng:  From  575  to  600  mju  the  film  is  eentsltive  to  bleaching. 

At  600  m/i  xor  a 3 db  cheng-  13.5  joulee/c®'^  is  required. 
B«fcwean  600  and  65O  naj^  bleaching  oocura,  falling  off  with 
Inoreasljcg  wavelength.  Between  700  and  900  no  bleaching 

occurs. 

The  film  becomes  Iraensitive  within  30  mlnutea  after  activation. 
l?nd®r  ultraviolet  Qxposure,  dark  red  "'luorescence  occurs.  When  the 
activation  properfclea  of  the  film  are  destroyed^  the  fluorescence 
is  weak  or  ncn-exiat®nt . One  ssimpl©  had  no  response  to  ultraviolet 
aftar  one  jKonth  of  storage, 

’i!h5,a  film  b larches  above  600  ia|4  bub  requires  to  high 
power  densitlea  for  bleaching  to  be  useful. 


Afaiar icari  Cyanamld  ^3-5^0 

Actlvatlonj  Upon  ultraviolet  exposure^  color  changaa  from  light 
yellow  to  red- orange. 

Blsaohlng;  No  bleaching  was  observed. 

This  film  loaea  oenaltivity  to  activation  after  either  storage 
or  activation  cycles.  It  retains  orange  coloration  penaanontly. 

This  film  is  not  suitable  since  no  bleaching  was  observed 
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American  Cya!i*Maaiiid  63--071 

Activations  Upon  ultraviolet  exposure,  the  filsa  color  changes 
froM  yellow  to  blu®~gray. 

Bleaching:  From  575  to  60  ia><  faint  bleaching  takes  place. 

At  575  >♦  for-  a change  of  spproximately  3 tSb,  20  joules/caa^ 
i«  required.  Pro®  650  to  900  t&  y no  bleaching  was  observed. 

This  film  showed  diminished  activation  properties  with  storage. 
Its  bleaching  action  is  weak.  The  material  is  conaidered 
uns«  tlsfactory . 


Conclualona 


' ,5'  _ The  concluaion  drawn  from  the  measurements  dlacussf-’id  above 

V Is  the  following;  The  Vari-Llght  type  VI.316A  laminated  glass 

'1'' 

% material  appears  to  be  moderately  promising  in  conjunction  with 

I the  proposed  use  of  gallium  arsenide  phosphide  diodes  having  a 

% frequency  of  emission  varying  from  6OO  mju  to  70  mju 
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3 • 3 Study  of  Ultraviolet  Dateriorat i or^ of  Pho tochromlc  Actlvl ^ 
in  Air»  Nltrogeiij,  and  Va cuusb  EnvlronmiBnta 


It  htis  been  suggested  that  the  daterioretlon  of  photochroioic 
activity  in  various  fil®s  we  have  tested  may  be  due  to  a photo- 
chemical process  involving  the  oxidation  of  the  molecule  in  tho 
presence  of  an  ultraviolet  photon.  In  order  to  examine  this,  w© 
investigated  tho  degradation  lifetime  of  the  photochroraic  material 
under  air,  dry  nitrogen,  and  vacuum  conditions  to  determin®  whether 
the  useful  lifetime  of  the  terlal  can  be  significantly  extended 
by  changing  operating  envi  menta.  The  principal  material  of 
interest  In  these  tests  was  the  Veri-Light  type  VL316A  material, 
since  It  ia  the  most  suitable  photochromic  for  this  application. 

order  to  detorslne  the  effect  of  the  various  environments 
upon  the  lifetime  of  the  photochromic  activity,  two  experimental 
methods  were  used.  In  the  fli‘st  method  the  change  in  tra nasals sion 
aa  e function  of  the  total  ultraviolet  exposure  time  was  measured. 
That  la,  the  percentage  change  In  transsaiaslon  due  to  ultraviolet 
activation  from  the  completely  bleached  state  was  measured  after 
fixed  periods  of  ultraviolet  exposure  st  constant  levels  of 
intensity.  The  sequence  of  activation  and  bleaching  by  Infrared 
or  by  decay  la  required.  The  film  suffers  an  irreversible  darkening 
with  ultraviolet  exposure  which  was  connected  with  the  loss  of 
activity. 

The  second  method,  which  proved  superior  in  practice,  con- 
sisted of  visual  obsei*vefcion  of  the  activation  of  the  photochromic 
material  through  its  fluoi'e scene©  rather  than  through  changes  in 
transmission.  We  have  observed  that  in  the  VL316A  photochromic 
material  there  la  a strong  red  fluorescence  asoociated  with  the 
optical  activity  of  the  film  under  ultraviolet  exposure,  which  is 


»/43- 


pr»8U*aably  due  to  th®  activated  raolocul©®.  Wlien  all  traces  of 
thia  fluoreacanca  is  goo®  th®  film  la  unabl©  to  be  activated  at 
any  Intensity  of  ultraviolet.  Thus^,  observing  this  fluorescence 
permits  the  continuous  observe tlon  of  the  optical  activity  of  the 
film. 

First  Method 

The  ©xperij««nt»l  design  for  the  first  method  is  shown  in 
Figure  -5*.  The  lauip  is  a colliiiiiated  tungsten  aourco.  The  glass 
filters  (Corning)  function  to  remove  the  bleaching  or  activating 
elements  from  the  tungsten  lamp  light.  The  chemical  deaalcator  is 
of  thick-walled  pyr«x  with  a single  pumping  lead-through.  The 
ultraviolet  lamp  is  a Spectra ].in©  Blackllght  long  wave  type.  Th® 
detector  Is  tha  Inters tlonal  Light  IL600  photometer. 

Th®  axperimental  procedure  was  to  measure  the  transmlaaion  of 
the  sample  - VL316A  acrylic  film  - then  exposing  the  sample  to 
ultraviolet  for  a fixed  period  of  time  at  rj  fixed  intensity  level, 
then  measuring  again  for  transraiaslon.  Finally  the  activity  of 
hhe  film  wae  permitted  to  decay  or  undergo  « bleaching  process 
and  the  tranamiaslon  was  determined  ag®in.  Thia  was  dono  for 
air,  vacuum  (100-200  microns)  and  nitrogen. 

Result 8 were  not  entirely  conclusive.  This  was  due  to 
the  groat  reduction  of  ultraviolet  transmission  through  th©  pyrex 
enclosure,  to  the  bleaching  and  activating  effects  of  the  tungsten 
light  which  were  not  completely  auppreaoed  by  the  filter,  by  the 
low  Intensities  of  the  tungsten  light  which  reoulted  from  the  use 
of  the  filter,  and  to  the  geometry  involved.  However,  no  substantial 
change  in  the  activity  lifetime  of  the  photochromic  film  was  not®d 
under  th©  various  conditions  of  environment. 
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Figure  5-  Experimental  Setup  fox'*  Photochromic  Film 

Lifetime  Measurement 
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Th0>  conditJLonisi  undar  which  the  experlBianta  war®  conduot«v;! 
ware  as  follows.  Idanfcioal  samplee  of  th«  VL3i6A  I'ilm  were 
prepared  and  mounted  in  the  d®««icator.  Alternate  pairs  of  life 
teetft  wer®  a;-  de  in  air  and  vscuunij,  .sir  ®nd  nitrogen.  The  vacuum 
condition®  wiiiire  produo®d  by  s mechanical  forepuasp  in  the  r«jige  of 
100-200  .wicr-'  ne.  Before  exposure  to  ultraviolet p the  desislcator 
with  th®  ®.<3fflpl©  waa  pumped  down  to  its  final  pressure  and  kept 
under  vscuu®.  for  .1  hour.  In  one  trial  the  aisasplo  w«a  left  for 
36  hours  at  100  microns.  The  nitrogen  atmosphere  waa  produced 
by  pumping  thp  desaloetoi*  down  to  1000  microns  using  a small 
Fisher  vacuum  ayate®j»  filling  it  with  dry  nitrogenj,  then  pumping 
down  again.  This  flushing.,  filling  and  pumping  was  repeated 
10  tlfi®®..  At  the  end  of  tV)«  flushing  proeese  the  sample  waa 
left  in  the  nitrogen  atwsphere  for  1 hour.  It  was  then  pumped 
down  and  filled  with  nitrogen  to  approximately  atmospheric 
pressure.  At  this  point  the  ultraviolet  w»a  turned  on  and  the 
life  test  begun. 


Conclualona 

No  observable  difference  wais  noted  and  on®  must  conclude  that 
th«i  deterioration  is  ind^spendent  of  whether  the  activation  is 
performed  In  air,  nitrogen,  or  vacuum,  Waverthelesa,  to  definitely 
©sfcabliiEh  the  effect,  one  should  perhaps  fabricate  the  photochromio 
chemical  and  film  together  In  the  proper  atmosphere. 


SECTION  ^ 

Power  COB>p<afcibiIlt,y  of  SeMconductor 
Diodes  With  Photoohrowic  Plliaa 


It  is  pointed  oufc  in  Section  3 that  the  bleaching  mode  In 
phofcochronuic  films  r«<juir«s  radiation  in  the  5000  to  7000 
angstrom  rang®.  It  ia  also  necessary  to  achiev®  an  energy 
density  of  the  order  of  10  mllll Joules  per  cm'  to  obtain 
bleachliig.  In  this  section  w®  consider  the  attainability  of 
this  wavelength  and  energy  density  with  aejai conductor  luminescent 
diode  arrayfii  which  can  be  fabricated  by  tranamutatlon. 

Ois Ilium  araanid®  phoephid®  can  be  produced  to  emit  at  any 

wevelerigth  in  the  range  from  about  3900  $.  to  91OO  !S  depending 

on  its  composition.  Gellium  phosphide*  emits  in  the  green^  while 

gallium  arsenide  emits  In  the  Infrared.  I^t  x denote  the  fraction 

of  srsenlc  atoms  in  gallium  arsenide  which  are  replaced  by 

phosphorus  to  produce  a 3-5  semiconductor  crystal  denoted  by 

Then  the  wavelength  corresponding  to  the  emiasion 

peak  varies  with  x approximately  as  shown  in  Table  1.  Hence  by 

selecting  the  initial  crystal  composition  appropriately  one  can 

obtain  the  lumineacent  oimlsslon  peak  at  the  desired  wavelength  in 

the  range  from  5900  to  9100  angstrom®.  This  Is  discussed  In  detail 
1 

by  Gershenson.  From  x = 0 to  x - 0 J4  the  mechaniam  for 
luminescence  proceeds  via  a direct  bandgap  transition,  (0,0,0) 

bandgap  edge,  while  frosi  x=  0.^  to  x =;  1,0  the  luMnescenc® 
proceeds  via  an  Indlirecfc  bandgap  transition  ki  (1,0,0)  bandgap 
edge. 

Any  semiconductor  coasposltlon  in  th®  family 
be  doped  in  a Junction  array  configuration  by  neutron  trananiutation 
techniques.  At  the  beginning  of  this  Investigation  it  was  intended 
fco  select  a composition  that  is  compatlbl®  in  frequency  with  a 


T«bl«  1 

Eatlmated  Wavfiilongfch  of  Eiaiasion  Peak  ver sua 
Compoaltloin  for  QalliMa  Araenidts  Phosphide 


Fraction  of  l\a  Atcwa® 


Energy  of  Emission  Peak 


!«d  by  P Atoms 

(Angatroiaa) 

0 

9100 

O.I 

8550 

0.2 

8000 

0.3 

7^50 

0.^4 

7000 

0.5 

68oo 

0.6 

6650 

0.7 

6500 

0,8 

6350 

0.9 

6100 

3..0 

5900 

Note?  These  values  corregpci'^d  to  room  temperature. 

In  most  cases  they  are  estimated  values  rather 
than  actually  observed  values. 
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»«tiRfactory  photochrcMlo  mat;® rial.  Wi®n  it  waa  found  that  no 
pbotoohromio  sasst^rlal  had  e guffioisntly  long  life  cycle  to 
satisfy  th®  ay«t®M  requir®s»»siits,  it  was  dacidad  to  conduct  the 
pow®r  ocaapfetibility  asaaursssents  with  th«  moat  convenient  and 
most  easily  obtainable  "esalconduetor  saaterlal  in  this  fasaiy, 
galllUM  arsenide. 

Powor  Penalty  Obtainable  from  Modes 

It  i0  important  to  determine  the  power  density  compabilility 
of  luainesoant  diodes  with  phofcochrosaic  films.  In  ordar  to  do 
this,  one  ®u®t  first  measura  the  powex"  density  obtainable  from 
both  Gonv®ntiO7ii0l  (dlffuaed)  diode®  and  from  transmutation  dlods*-';,. 
For  the  reason  cited  above,  th©  mefi-auraments  were  made  for  gallium 
arsenide  limine  a cent  diodoa.  An  ir,600  photometer  with  s PT-200A 
phototube  (vacuum  photo  diode)  with  an  S-1  spectral  reeponae 
was  U0«d  an  the  sensing  head.  Typical  data  for  the  convantinnal 
diode  and  for  th©  transmutation  diode  are  given  as  follows: 

The  diffusion  diode  at  100  milliami^res  produced  a power 
density  of  1.^3  ulcrowatta  per  cm  at  a distance  of  5.8  c«, 

ThlB  corresponds  to  a total  infrared  output  of  6 x 10“  watt‘d  at 
th©  Burfaoa.  The  emitting  area  la  about  1600  square  lalla.  Thia 
correaponds  to  an  optical  power  density  of 

p - .AJ.  = 60  Miiiiwafcta  per 

10“^  ca^ 

Tit®  efficiency  of  this  dlod®  was  about  0.1^  in  terms  of 
optical  power  out  par  electrical  power  in. 


The,'  fcransaautstlon  junction  at  100  m±lliaiap®re8  pi^oduced 

-6 

9 X 10  watts  of  infrarad  power  ®t  th«  aurfac®.  Its  effsctivo 

emitting  area  was  8 mils  by  2 mile  to  give  16  square  mils  or 
-li  2 

10  cm  » Hence  its  power  density  was 

P = - 90  milliwatts  per 

10“^  csa^ 

Its  efficiency  was  about  1/15  that  of  the  diffusion  diode. 

This  i«  due  to  Its  greater  electrical  resiatanoa  by  about  this 
sfflM®  factor. 

Now  the  mlnimuia  energy  density  required  for  photochromic 

bleaching  (at  the  appropriate  bleaching  frequency)  is  about  10 

2 

to  20  aillijoulee  per  cm  . From  this  one  would  conclude  that 
fflt  the  power  densities  measured  for  the  luaslnescent  diodes  one 
would  require  at  least  e 0.1  second  exposure  in  order  to  write 
on  the  photochroHilo  film.  However,  under  pulsed  operation  the 
exposure  time  can  be  greatly  reduced,  as  pointed  out  in  Sections 
5 and  7. 
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SECTION  5 

^P£ ^ Ic^tilon  of  Ngutron  Tranamutatlon  Techniques 

N«utron  transnautation  techniques  can  make  a significant 
contribution  a the  (Sevelopaent  of  multi-channel  recording  on 
photochromic  film  by  means  of  its  capability  for  fabriceting  a 
high  linear  density  of  diodes  on  a single  wafer  of  semiconductor, 
each  diod®  having  a small  emitting  area.  An  array  of  100  diodes 
over  a 1 inch  width  of  semiconductor  wafer  is  an  attainable 
objective.  This  corresponds  to  a 10  oil  spacing  between  diodes, 
each  diode  having  a radiation-emitting  area  of  5 to  10  square 
fi&ila.  In  the  present  program  the  more  modest  objective  of  a 
30-mil  diode  spacing  was  set.  This  goal  was  attained  and  a four 
diode  array  with  30-Hiil  spacing  was  made.  The  radiation-omitting 
area  of  each  diode  was  15  square  mils. 

Transmutation  techniques  hav®  thus  been  used  In  this  work  to 
make  an  Integrated  linear  optical  array  fabricated  on  a single 
monolithic  slice  of  gallium  arsenide.  ITils  integrated  device 
includes  all  electrical  connection  points  and  all  infrared-emitting 
Junctions.  Furthermore,  w®  heve  ah'  wn  that  despite  the  small  al^e 
and  compactness  of  the  diode  array,  a sufficient  Int  msity  for 
film  recording  la  available  from  each  P-N  Junction  element. 

Such  a high  linear  density  diod®  array  must  be  conformable 
with  an  eraslbls  (rs-usable)  photochromic  film  strip  If  a recor- 
ding system  suitable  for  optical  computer  applications  is  to  be 
operated.  This  Involves  matching  of  (a)  the  spectral  character- 
istics of  the  film  and  (b)  the  snergy  sensitivity  of  the  film, 
to  semiconductor  photodiode  arrays.  A number  of  semiconductors 
v^lth  a variety  of  spectral  oharaoteristics  are  available  for 
doping  In  high  density  arrays  by  transmutstlon  techniques.  Those 
semiconductors  Include  gallium  arsenide  (infrared)  gallium 
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Table  2 


Transmutation  MachaniassiS  in  Gslllua  Arsenide 


Percentage  Microscopic  Macroscopic 


Isotope 

Natural 

Absorption 

Absorption 

Abundance 

Cross-Section 

Cross-Section 

(bsrna) 

Ge~69 

605^ 

1.^ 

0.016 

Ga-?i 

^.0 

0.035 

Aa-75 

100^ 

0,10 

Reaction  Half-Life 

Ga-69 

Ga^^,v, 

qJO  20  ain 

/3“ 

Oa  ..71 

oa'l— 



0 

As-75 



0 

1 q p 

Note  that  a thermal  nvt  of  lOft  neutrons  par  cm  would  produce 
* concentration  of  1..0  x 10^^  selenium  impurities  pei:'  cm3,  and 
3.1  X 10'^'  atoms  per  cm^  of  germanium. 
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TmIv1.s  1 


'1‘i'fj  t,  1 on  Mtiohanlms^  In  Oalilum  Phoaphida 


1 j'lo  f,  one 

No  I 

AtuituJ«rio« 

MloroKCop.Lc 
Absorption 
Cross-Siactlon 
( berna ) 

Macroscopic 
Absorption 
Cx'’o3a -Sect  ion 
(cm"-^0  . 

Gw  O'.) 

L0!)£ 

Iji 

0.016 

Grt  ■ '[  1 

. 0 

0.035 

r i 1 

lOO^i 

0 . 2(.) 

0 00^1 5 

Rfn  a t ,1  on  Half  - Li  f « 


G»  -6';) 

('9 

0« 

20  jBln 

r 

..c2'° 

Gfi  -7  \ 

1^.2  hr 

1’-  U 
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Gar ahenzon'  experimental  data  to  confirm 

tl  't  Bulfur  Is  a donor  In  gallium  phoaphlde. 
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arsanjlde  phosphide  (in  th&  red)  and  gallium  phosphide  (red  to 
green  depending  tn  th®  doping).,  in  which  trsnssautation  doping 
ha®  been  deaaonot rated. 

Transmutation  doping  can  be  used  to  saak®  optical-emitting 
arrays  in  a nujabar  of  other  materials  in  addition  to  gallluffl 
arsenide.  These  include  gallium  arsenide  phosphide  and  galliuB: 
phosphide,  both  of  which  produce  vleibie  radiation.  Table  2 
lists  the  transmutation  doping  nuclear  reactions  in  galllim 
arsenide.  Table  3 lists  the  transmutation  doping  nuclear  reactions 
In  galliUBi  phosphide.  These  tables  show  the  nuclear  reactions 
and  th®  nuclear  croao  eectiona  as  well  as  the  final  transmutation 
doping  products.  Gallium  ersenide  phosphide  has  the  transmutation 
reactions  and  dopant  products  shown  in  botVi  tsblvKS.  The  nuclear 
cross  eec cions  are  obtained  by  linear  combination  of  the  values 
in  the  two  tables,  depending  on  th®  phosphide  compos-ltlon  of  the 
crystal . 


Principles  of  Neutron  Tra i^®u t^t ion  Doping 

A brief  summary  of  neutron  transmutation  doping  technology 
will  be  given  here  a®  it  applies  to  gall.iUM  arsenide.  It  will  be 
analogous  for  other  gallluin  compound  semiconductors . The  prin- 
ciplt.?®  of  tranamatatlan  doping  ar®  described  in  Referenoas  ?, 

3,  and  4 of  th®  biblio^rephy  to  this  report. 

The  technology  of  trensBiiuiation  doping  rasy  bo  '.rlc-fiy 
summarized  under  th©  following  headlrij;;® ; 

1.  Radiation  die® 

2.  Radiation  capsule 

3«  Relation  between  initial  smlconductor  resistivity 
and  neutron  exposur®  required 

4.  Annealing  procedure 

5.  Geometry  of  the  dop®d  regions. 
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Radiation  Di@a 


Radiation  dies  are  thin  ®ncloaures  of  eadseluffl  within  which 
the  saRiiconductor  speclinens  are  contsinsd  during  Irradiation. 
Cadiftium  ia  a strong  ©bsorber  of  thermal  neutrons  ®nd  even  a thin 
layer  (o.g„  five  to  ten  mils  thick)  of  cadsalua  can  exclvad®  most 
of  t’  a thermal  neutron  flux.  A pattern  of  slits  is  fabricated  in 
the  cadsdum  by  photoresist  or  metal  stamping  techniques.  Thermal 
neutromi  can  then  enter  the  send  conductor  only  through  the  slits. 
The  spatial  pattern  of  transmutation  doping  in  the  semiconductor 
ia  therefore  controlled  by  the  slit  pattern  in  the  radiation  die. 


Mechanically,  the  radiation  die  conalsts  of  cadmium  bonded 
to  a copper  or  steel  substrate  for  strength  and  rigidity.  Copper 
®nd  Steel  are  transparent  to  neutrons. 


lladlat ion  Capsule 

This  la  a steel  box  (e.g.  3"  by  1”  by  T°’)  in  which  many 
radiation  die  units  (each  consisting  of  the  radiation  die,  the 
seralconduotor  material,  and  holding  frame®)  are  packed.  The 
capsule  Is  then  inserted  Into  a nuclear  reactor  for  irradiation. 
Our  galli»jmi  arsenide  irradiations  have  averaged  4 to  6 days. 


corresponding  to  about  10'  nvt. 
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F.l n a 1 Rq IS i a 1 1 V i t y a nd  Required  Wedtron  Exposure 

From  the  nucle?»r  properties  of  galliuj©  arsenide  one  can 
ahow  that  each  unit  of  nvt  l®ed®  to  about  0.1  N type  Impurity 
inserted.  In  a uniformly  irr®dl8t-sd  apeoimon  the  final  N type 


concentration  isi  giv®n  by 


'N 


0..1  (nvt) 


j',\'  '■  \'x\V  i'  W V V'  ) if' >1 

ver- -rrif 
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Cp  is  th«  initial  P type  concentration.  Tne  coneentrationa 
are  determined  by  the  semiconductor  conductivity  ®nd  mobility. 
(These  are  usually  measured  by  Hall  effect  and  resjlstivity 
measurements  using  the  Van  der  Pauw  technique.)  A®  sn  eKampl®,  if 
Gp  Is  initially  3 x 10^*^  P type  and  the  nvt  is  10^^,  will  be 

7 X 10^*^  N type.  This  deteralnea  the  fln^l  resistivity. 

In  a non-unifor«ly  irradiated  apecimenj,  i.e,  within  a 
radiation  die  with  a slit  pattern,  the  important  parameter  ia 
the  ratio  B/A,  where 


JL 

A 


Tranaiautstiona  iindar  Die 


Transmutatlona  Under  Slit 


This  usually  ranges  from  0.5  to  0.1,  depending  on  the  slit 


under 


One  can  then  set  up  expressions  for  calculating  Cj^ 
the  die  and  under  the  slit  which  will  depend  on  the  spatial  dis- 
tribution of  the  flux  and  cn  the  slit  geometry.  On©  wants  a 
change  in  semiconductor  type  (P  to  W type)  under  tn©  slit,  and 
no  change  in  type  under  the  die.  Such  detailed  cslculations 
will  be  presented  for  gallium  arsenide  in  the  next  section. 


Anne^ ling  Procedure 

After  irradiation  the  gallium  arsenide  ia  intrinsic  (very 
high  resistivity)  becsua®  of  radiation  damage  defects.  These 
defects  are  next  removed  by  annealing,  leaving  only  the  trans- 
mutation-induced concentration.  In  addition  to  th®  initial 
doping.  The  annealing  Is  done  in  tjn  atmoapher©  of  araenic  at 


tesioeratures  of  60C^  C to  800^'  C fox”  a shoi't  time  period. 


o 
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5 . 1 Design  Coneidar«tlona  In  Fabricating  an  Optical  hrray 

In  TransiaiA table  Seisii conductors 


The  following  conaideratlonia  apply  to  any  seasiconductor , 
in  particular  to  galllusa  coapound  saKiconductorsj,  whicn  can  b© 
doped  by  transsButation.  In  order  to  present  the  diacussion  in 
concrete  terms  howe'-erj  ’we  shall  speak  specifically  of  gallium 
arsenide.  T^ie  reader  will  realise  that  the  design  considerations 
can  be  directly  recast  in  terms  of  each  of  the  seaieonduotors 
previously  enumerated. 

Similarly  we  shall  speak  specifically  of  infrared  radiation 
which  is  produced  by  gallium  arsonide.  It  will  be  understood 
that  visible  optical  radiation  in  the  to  red  range  will  be 

produced  by  the  other  semiconductor!!!. 

It  will  be  aaaimed  that  a clem- -through  doping  configuration 
produced  by  neutron  trsnsautatlon  techniques  will  be  foi'ssed  in 
gallium  araenldo.  The  gallium  arsenide  will  Initially  bo  P type 
of  some  specified  resistivity.  It  will  be  irradiated  for  a 
certain  nvt  (neutron  exposure,  neutron  density  times  velocity 
times  t)  through  a radiation  die  of  specified  pattern.  Thus  the 
principal  process  variables  are 

1)  initial  resistivity  of  gallium  arsenide 

2)  nvt  expoBur© 

3)  radiation  die  pattern. 

The  effects  of  the  process  variables  on  the  geometric  and  optical 
parameters  of  the  array,  which  determine  its  infrared  emitting 
characteristics,  are  on®  major  area  In  device  design.  The  second 
major  area  is  that  of  electrical  and  th®r»«l  response  of  the 
array.  Including  the  problems  of  1)  attachment  of  electrical 
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eonntetlonfflj  2)  encapsulation  and  heat  dlsaipatlon  conaiderationa 
and  3)  a^echanical  design  of  the  writing  heeds.  The  geoiasetrlc 
and  optical  parameter®  will  b®  discusjsed  in  this  section,  while  tha 
other  Irradiation  techniques  and  aeml conductor  processing  techniques 
will  be  discussed  in  the  next  section. 

Major  emphasis  in  this  program  has  been  placed  on  th®  first 
area;  the  effects  of  the  transmutation  doping  process  variables 
on  the  parametera  of  the  diod®  array.  The  following  paramefcei*a 
of  the  array  are  important  in  deterndning  its  infrared  recording 
characterlatlcs : 

1.  Dlmenalona  and  form  of  the  emitting  P~N  Junction 

regions  in  each  diode  recording  channel 

2.  Spacing  between  diodes  or  recording  channels 

3.  Intensity  of  the  infrared  esaiaaion  from  the 

individual  diodes 

It  is  important  to  set  forth  the  design  possibilities  in  each 
of  these  areas  and  to  consider  their  implicstiona  in  terms  of 
the  transmutation  doping  process  variables. 


PlBtenslons  and  Form  of  Doped  Regions 

Some  typical  doping  pstterna  which  can  bo  considered  for  a 
linear  diode  array  are  shown  in  Figure  6, 

Psttern  1 shows  alternate  stripes  of  P and  N type  regions 

normal  to  th®  surface  and  extending  clear- through 
the  slice 

Pattern  2 shows  rectangular  laolated  N type  regions  normal 
to  the  surface  (and  extending  clear-through  the 
slice)  within  a P type  bulk  which  is  held  at  a 
common  electrical  potential.  1'he  dimenaiona  of 
the  isolated  N type  regions  aay  be  selected,  a.g.. 
they  can  be  squares.  Alternstively,  the  bulk 
region  c®n  be  N type  with  th®  laolated  regions 
P type. 
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Altei'nate  Strip®  Configuration 


Pattern  2 


--N  type  rectangular 
regions 
(clear  thi'ough) 

coasmon  lead  to  P type 
baae  region 


Rectangular  Isolated  Regions 


Figure  6.  Transmutation  Dopliig  Patterns  for  Diode  Arrays 
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In  Pattern  1 each  junction  ski'ipe  (the  boundary  line 
between  an  N and  a P typ®  region)  represents  a writing  head. 

The  writing  head  ia  excited  by  placing  an  adequate  forward 
bias  acroas  this  individual  junction.  Not®  thet  oach  junction 
is  electrically  isolated  froa  all  other  junctions,  and  can 
therefore  he  separately  excited.  If  each  region  is  30  Bsils 
wide  (a  reasonable  width)  a total  of  33  junctions  would  be 
present  per  Inch  to  serve  s&  writing  heada. 

In  Pattern  2 the  bulk  P type  seralcondwator  would  ba  held 
at  a common  potential.  Each  isolated  N type  region  would  be 
reverse  biased  relative  to  the  bulk  materlasl  in  the  no~write 
mode,  and  forward  biaaed  In  the  writa~mod® , l.e.,  whan  infrared 
ejfflisaion  tskoa  place.  However,  this  pattern  requires  two  P~N 
junctions  - those  aurrounding  an  N typ®  roglon  - per  bit. 
Therefore  this  pattern  Is  lesa  uaeful  and  the  first  pattern  will 
foe  used. 

Figure  Z shows  the  ua®  of  a Pattern  1 doping  configuration 
as  an  array  of  writing  heads. 

3pac Ing  Between  Diodes  on  Recording  Channels 

The  minimum  spacing  attalnabl®  between  recording  channels 
will  depend  on  two  considerations i 

1.  the  resolution  of  doped  regions  attainable  by  transmvitation 
techniques  In  gallium  arsenide 

2.  the  effect  of  diode  dimensions  and  spacing  on  obtaining 
adequate  Infrared  power  emission  for  film  recording 

The  problems  of  obtaining  high  resolution  between  doped 
regions  in  a reproducibl®  manner  depends  on  a number  of  factors; 


(1)  Inhojao{^®nelti<$3  im  th®  initial  nominal  doping  of  th« 
gallium  arsenic!®,  .ft  10<g  random  variation  in  the  doping 
can  easily  be  tolerated.  How®v®i\  depending  upon  the 
source  of  the  initial  P type  awsterialj,  a conaiderably 
higher  doping  variation  aaay  be  present  In  nominally 
homogensoua  gallluKs  ara®nld®p  since  th@  purification  and 
crystal  growth  technology  has  not  yet  approached  that  of 
silicon  and  genaaniuia.  Compensating  techniques  can  be 
used  in  the  tranamutatlon  doping  process.  These  will  be 
described. 

(2)  Microscopic  spatial  variation  of  the  neutron  flux  pattern 
acroas  the  radiation  die.  This  apatlal  variation  is  con- 
siderably affected  by  the  radiation  dl©  pattern.  It  can 
be  analytically  predicted  and  experimentally  observed. 

(3)  Spatial  resolution  obtainabl®  in  fabrication  of  radiation 
dies.  This  resolution  can  b®  obtained  in  the  range  of 

10  rails.  However j careful  and  painstaking  techniques  are 
necesaary  for  consistently  reproduclbl®  results  in  the 
radiation  die  pattern.  Even  a 30  rail  pattern  in  a cadmium 
radiation  die  requires  a considerable  developr.ent  effort 
for  consistent  results.  We  have  obtained  multiple  doped 
regions  separated  by  30  mils  by  welding  0 ccraposite 
radiation  die  of  cadmium  and  steel  as  dlacuased  in  Section 
5-?. 

(^)  Attachment  of  electrical  contacts  to  the  gellium  arsenide 
doped  regions.  The  foil  'Wln^.  two-step  method  has  proven 
moat  useful  for  contact  attachment: 

a.  Evaporation  of  i,idlua  alloys  to  the  contact  areas. 
This  evaporation  i tkes  place  tyirough  a photo-etched 
metal  mask.  Indluga-zinc  is  used  for  contacts  to 

P type  regions,  indium- tin  for  contacts  to  N type 
regions . 

b.  Use  of  a nailhead-bonder  (Kullcke  & Soffa)  for  small 
area  contacts  to  the  evaporated  alloy  contacts. 

A mors  detailed  description  is  given  in  Section  ^-2, 


Inbenslby  of  Xnfr  a rod  Eaalafli  on 

It  h&n  be®n  shown  by  th«  ©xp®riai®nta  described  in  Section  3 

that  a sainlETiUBj  energy  denaity  of*  10  bo  20  anil  1.1  joules  per  cra^  is 

necessary  for  bleaching  of  the  most  k>^neitive  photoch.raralc 

material  available  to  ua.  It  has  been  shown  in  Section  ^ that 

typical  gallium  arsenide  transmute blon  diodes  produced  ensrgy 

2 

densities  of  the  order  of  100  milll joules  p®r  cm  in  one  second. 
On  the  basis  of  this  data  one  can  predict  that  If  similar  energy 
densities  could  be  produced  at  the  required  bleaching  wavelength 
(550  to  650  ffl )x  ) one  could  bleach  an  appropriate  phobochromic 
Mfcerlal  with  a pulse  whoa©  v^ldbh  is  0.1  millisecond  to  1 milli- 
second. The  detailed  energy  balance  can  b®  made  as  follows; 

(It  should  b©  reiaeiabared  that  this  calculation  assumes  that  a 
gallliutt  arsenide  phpsphlde  diode  can  yield  the  same  luminescent 
power  aa  a gallium  aresnlde  diode); 

The  efficiency  of  ® gallium  arsenide  transmutation  diode  is 
approximately  10”^  as  compared  with  on  efficiency  of  lO"-^  for  a 
comparable  diode  made  by  diffusion.  The  i nctor  of  10  difference 
is  due  to  the  higher  resistances  which  are  obtained  in  the 
transmutation  diodes.  The  area  of  the  P-N  junction  writing 
surface  of  the  transmutation  diode  is  16  square  mils  = 10~  cm*". 

Consider  first  a 100  mllliemper©  cuirent  at  10  volts  for  1 second. 
This  consumes  1 joule  of  energy  and  producos  10“^  joule  - 0.1 
mlllijoule  of  infrsred,  leading  to  an  energy  density  of 

r 1q3  mlllljoule/cm^ 

10“'**  cm^ 

which  is  50  times  the  miniau®  energy  density.  Thus  a 20  milli- 
second pulse  (1/50  of  a second)  v^ould  produce  the  required 
bleaching  effect.  Now  if  the  pulsed  current  were  not 
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100  mffl  for  20  fflillia«conda  but 
5 a«p«r«a  for  0.^  milliasconda 
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th®  6tN«rgy  d^malty  would  be  the  aaRje,  Thus  one  could  bleach 
with  a pulse  narrower  than  ® ulllisecond. 

Capacitive  diachssrg®  circuits  w@ra  tested  for  writing  on 
infrared  film  in  vary  short  tias®  periods.  In  Section  7 we 
show  IR  films  in  which  writing  was  carried  out  in  a fraction 
of  a aillllsacond . 
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5 • Irr'adlatlon  Techniques  and  Exper liaenta  1 Methods 


The  irradiation  techniques  which  are  used  in  the  transmutation 
doping  process  are  th®  followinf^j 

1)  Fabrication  of*  the  radiation  die 

2)  Insertion  of  eejwl conductor  apeciaaens  into  the 

radiation  die  in  package  form 

3)  Insertion  of  the  radiation  die  packages  into 

a radiation  cap'auTe 

Insertion  of  the  radiation  capsule  into  the  irradiation 
facility  of  the  nuclear  reactor 

5)  Specification  of  the  irradiation  time  and  monitoring 

of  the  neutron  flux 

6)  Dlaassoisisbly  of  the  radiation  capsule 

7)  Processing  of  the  transmutation-doped  semiconductor 

crystals  , This  includes 
Annealing 

Measurement  of  concontraatlon  changes 
Evaporation  of  ohmic  contacts 
Electrical  lead  attachment 
Packaging  of  the  diode  arv’ay 

'fhooe  techniques  will  now  be  described  in  detail. 
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Fa  brie  Sit  ion  of  the  Radiation  Die 

A ten  mil  thick  cadaium  layer  waa  used  to  shield  out  theriaal 
neutrons  from  the  soaiconductor , since  this  layer  thickness  gives 
almost  complete  opacity.  It  was  decided  to  use  mechanical  fet- 
rlcstlon  techniques  rather  than  photoresist  ssetheis  for  the  first 
capsule,  since  no  extroasely  narrow  slit  widths  were  required.  Two 
configurations  were  selected  for  the  first  capsules 
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1.  The  half-and-hslf  configuration,  in  which  half  th« 
aamiconductor  1®  shielded  and  half  la  unshialded. 

Thia  configuration  yield®  a single  P-W  junction  at 
the  tooundary  of  the  cad»iuBa. 

2,  The  multiple-diode  array,  in  which  alternate  stripao 

of  cadaluas  and  stainless  steel  are  ett'Siched  to  a metal 
base  of  steel  or  copper.  This  configuration  yields  a 
P-N  Junction  at  each  interface  between  cadmium  and 
non- cadmium. 

These  configurations  were  first  made  by  spot-welding  steel 
spacers  (10  mils  thick)  to  a steel  base  with  appropriate 
spacing.  Cadmium  foil  10  mils  thick  was  then  cut  to  the 
appropriate  dimensions  and  were  forced  into  place  between 
the  steel  spacers.  Two  ateel  spacers  war®  also  vjelded  across 
the  pattern  to  serve  as  reference  aurfacas.  Two  identical 
steel  plates  with  the  cadmium  and  steel  pattern  attached  to  it 
constitute  a radiation  dls.  Th®  dimensions  of  each  plat®  are 
approximately  1 inch  by  1 inch  by  50  mils.  Holes  are  drilled 
in  these  radiation  dias  for  subaequent  attachment  together. 

Another  technique  was  also  used  to  make  the  radiation  dioa 
A pattern  of  auccessive  linear  grooves  was  first  pressed  into  a 
lead  plate.  The  grooves  were  then  filled  with  cadmium  stripes 
cut  to  aiic,e..  T»^o  key  grooves  were  also  pressed  into  the  lead 
plate  to  hold  atoel  key  bars  which  would  serve  ss  reference 
surfacaa  against  which  the  Bemlconductor  apeciiaen  would  fit. 

Both  these  t®chniqu®a  were  edaquete.  However,  the  aecond 
technique  (presaing  of  a pattern  Into  lead)  is  conslderebly  more 
economical  In  fabrication  time. 


It  should  be  noted  that  steel,  lead,  and  copper  ar©  all 
substantially  transparent  to  neutrons  In  thicknesses  of  10  to  100 
ladla.  Only  cadmium  ia  opaque,  find  hence  the  pattern  of  cadmium 
and  steel  is  affectively  a set  of  al.lt  in  fin  otherwiae  opaque 
radiation  die. 


Insertion  of  Semiconductor  int o Radiation  Die  Packages 

The  semiconductor  specimens  rre  cut  to  the  desired  size, 
either  by  waferlng  or  by  cleaving,  A cleaved  aurfac®  la  more 
efficient  for  subsequent  infrared  ©mission.  One  or  two  apecimens 
are  then  inaert-od  between  the  radiation  die  halves.  The  radiation 
die  halves  are  held  tightly  together  by  ivlres  and  metal  clip 
springs.  The  assembly  is  wrapped  In  aluminum  foil  and  ia  called 
a radiation  die  package. 


Radiation  Caoaul© 


The  radiation  capsule  consists  of  a metal  box  or  of  metal 
platen  between  which  the  radiation  die  packages  are  placed.  The 
function  of  the  r«dlat.lon  capsule  is  simply  to  facilitate  handling 
and  to  provide  mechanical  protection.  Two  to  four  packages  may 
be  pieced  In  a capsule.  Although  the  irradiation  takes  piece 
under  water,  neither  the  packages  nor  the  cepaule  is  made  i^ater- 
tlght,  since  the  water  ia  necessary  for  cooling  purposes.  A hook 
is  attached  to  the  radiation  cspaule  for  handling  purposes. 


Irradiation  P :r  o c a cl  u i ' © 


The  radiation  capaula  is  placed  at  a pre-planned  position  on 
a shelf  of  the  BSP  irr»vdistlon  fecllity.  This  fscility  consiata 
of  a large  water  tank  Just  outald©  the  core  of  a nuclear  reactor. 


A U h(M;p;h  muit.ron  flux  in  t,h«5  irradiation  location  has  h®en 

provlounly  m/i  yipwd , it  Iss  oxpcdlant  to  monitor  th«  flux  during 
\ r THd  ) .'>  1. 1 on  by  InnartlnH;  cobalt  monitor  baforehand,  whi.oh 

I'Kn  b^'.  reuMov-nri  during  ttns  noiiraa  of  tha  Irradiation,  The  activa- 
tion In  t)ir  wli'fl.s  can  b«  counted  to  give  a inea surumant  of  the 
navit.ron  flux.  At  least  one  such  flux  ’^wading  ia  inade  during 
«acl)  I rrsd  Ui  t l.iMi . Although  the  fluxes  are  expected  to  bo  of  the 
on1(sr  of  O.M  lo  .1  J-l  X 10  “-^  n cm  ‘ b«c“  t'ae  perturbation 
pvodiK'od  by  the  radiation  capauie  (end  by  other  nearby  objects 
being  Irrwdl^jt.od)  can  signif lcard;ly  reduce  the  flux  by  10^^  to 
Thin  ,l'"iadN  to  a roqulreittent  for  fl  lorsgor  irradiation 

,Sj.> e 0 1 f I c ft  1 1 o j 1 o f J r a t ^ n Tlvae 

Vihon  the  '•'lout  ron  flux  has  been  moaaured,  one  can  select  the 
irradiation  lime  required  to  insert  the  deairisd  change  in  N type 
Impurity  o''in<':entr« tion.  I/»t  be  the  rmclea.r  croas  section 

for  i.rancmuta ti on  - & mwcroacopJ  ■:  quantity  miss in  c»r  V'i'hich 
Inaiudem  both  thenoal  neutv'on  tranarauts tions  and  non~therMl 
t rsiiamuta  ti'Mipi . 'Hieri  one  has  the  relation 

0 “ y 

r'here  0 is  tiie  neutron  flux,  t is  the  Irradiation  tiai©,  and 
Aw  Is  the  desired  change  of  dopant  concentration  In  thf^  seTOlcon- 
due  tor,  dine®  / o;^  and  0 era  known,  this  equation 

permit®  specification  of  tha  irradiation  tisie. 

Instead  of  relying  sol®ly  on  flux  monitor  vjirea  to  measure 
the  flux  we  have  ua«d  gallium  araenid©  specimens  thamsslvea  a a 
jfionitors.  Those  semiconcluctor  monitor®  must  be  attaohad  to  the 
capsule  in  such  e way  that  they  can  be  removed.  They  sr® 

then  read  by  measuring  its®  chang©  In  conr'ssntration  AN  prodviced 
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by  irradiation  for  a apeclfic  time.  This  concentration  change  Is 
determined  by  meaBuring  the  H®11  coefficient  of  the  material 
(a®e  below).  This  method  has  the  advantage  that  it  includes  the 
effects  of  non-therm«l  as  wall  as  thermal  trene.mutation?:.  It  was 
therefore  used  extensively  in  this  work  for  both  shielded  apeclmena 
(completely  surrounded  by  cadmium)  and  unshielded  apecimena. 


Diaaaaeiably  of  the  Radiation  Capsule 


Disassembly  of  the  radiation  capaule  is  done  in  a hot  cell 
because  of  the  radioactivity  of  the  capsule  components.  Detailed 
inatructions  on  this  disassembly  must  be  prepared  for  tho  hot  cell 
operator.  The  semiconductor  specimens  have  minimal  radioactivity. 
Gallium  arsenide  specimen©  can  be  sent  by  common  carrier  one  week 
after  removal  from  the  irz^sdlation  facility.  The  other  capsule 
components  have  longer- lived  radioactivity  and  must  be  disposed 
of  at  the  reactor  site. 


Processing  of  the  Trsnemutation- Doped  Semiconductor  Specimens 


Wlien  the  semiconductor  specimens  are  received  after 
Irradiation  they  are  first  checked  for  radioactivity,  then 
chemically  cleaned.  An  annealing  process  is  then  carried  out 
to  remove  radiation  damage.  The  annealing  process  is  done  aa 
follows:  The  gallium  arsenide  is  placed  in  a quarts  ampoule 

with  excess  arsenic  to  prevent  evaporation  of  arsenic  from  the 
semiconductor.  The  ampoule  Is  evacuated  and  flushed  out  with 
nitrogen.  This  procesa  la  repeated  several  times  to  flush  out  all 
the  oxygen.  The  ampoule  Is  then  sealed  off  ard  heated  for  about 
1/2  hour  at  TOO  to  800°C.  This  removes  the  radiation-produced 


defects . 
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Concentratiomi  ch®ng®s  In  ®0ch  doped  region  are  measured  as 
follows;  On©  first  cuts  the  IndividufaX  regions  of  the  semicon- 
ductor apart  using  a diaEJiond  saw.  it  ia  n«c®ssary  to  hav®  fairly 
precise  referencing  of  the  Individual  regions  in  order  to  apsclfy 
how  »ach  TO&iconductor  apeclMsan  is  to  b«  cut.  Small  ohmic 
contacts  are  then  placed  on  the  periphery  of  the  cut  regions. 

The  technique  for  making  ohmic  contacts  on  both  P and  N type 
apeclffl^ns  is  described  balow.  The  Hall  coefficient  of  the  material 
is  next  measured  by  attaching  electrical  leads  to  the  ohmic 
oontiscta  and  setting  th®  specimen  in  a known  laagnetic  field.  The 
Van  der  Pauw  techniqvie  la  used  to  measure  the  Hell  coefficient. 

From  the  Hall  coefficient  the  net  electronic  concentra tlon  can  b« 
calculated  directly.  Th©  difference  between  the  post-irradiation 
ccncentra tion  and  tha  pre-irr®dlatlon  concentration  gives  the 
tranasiutetlon-induced  concentration,  AN. 

Ohmic  contacts  ar®  attached  by  vacuum  evaporation  onto  th© 
specimen  through  a mask.  The  mask  is  a thin  steel  foil,  about 
1 mil  thick,  in  which  a pattern  of  holes  corraspondi)r\g  to  the 
specimen  rogion  geometry  has  been  photoetched.  For  N type 
gallium  arsenide,  the  evaporsited  metal  is  an  alloy  of  Indium  and 
tin  in  80-20  ratio.  For  P-type  gallium  arsenide  an  80-20  alloy 
of  Indium  and  xinc  has  been  used.  These  alloys  gonerally  give 
ohmic  contact. 

Electrical  leads  sr©  attached  to  these  contacts  by  thermo- 
compreealon  ball  bonding.  The  aemlconductor  specimen  is  mounted 
on  a flatpack  microelectronic  package  and  th©  gold  wire  leads  from 
the  ball  bonder  are  attached  to  the  flatpack  terminals. 

The  diode  array  is  encapsulatsd  in  epoxy  with  only  the 
rsdlst ion-emitting  end  exposed.  The  ©poxy  la  loaded  with  beryllla 
(beryllium  oxide)  with  high  thermal  conductivity  for  good  heat 
dissipation.  This  aaa®iably  is  attached  to  a metal  heat  sink. 
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SECTION  6 

Irradiation  EKpcrimantis 

It  had  orlg.lnally  ba©n  planned  to  perfon®  th>s  irradiations 
for  production  of  the  diode  array  writing  heads  in  the  Oak  Ridge 
Reactor,  with  which  we  have  extensive  experience.  IVo  capsules 
were  planned,  one  capsule  to  produce  individual  diodes  and  some 
small  arrays  (five  junctions  or  less)  and  one  capsule  to  produce 
larger  arrays.  However,  after  the  photachromlc  material  studies 
were  completed  we  were  informed  that  increased  usage  of  the 
Oak  Ridge  Reactor  by  Oak  Ridge  National  Laboratory  would  make 
scheduling  of  experiments  extremely  uncertain.  It  waa  therefore 
decided  to  use  another  available  roactorj,.  the  Air  Force  Nuclear 
Test  Focllity  (AFNTP)  at  Wright  Patterson  .Air  Force  Base. 

The  APNTP  is  a ’’swimming  pool"  type  of  reactor,  very  similar 

in  design  to  the  Oak  Ridge  Reactor,  except  that  it  operates  at 

a lower  power.  It  was  planned  to  perform  the  irradiations  in  the 

BSF  facility  outside  the  reactor  core,  liiis  is  a large  water  tank 

which  Is  placed  adjacent  to  the  reactor  vosBel.  Nautrons,  both 

thermal  and  fast,  stream  into  the  BS.F  from  the  reactor  proper. 

The  specimens  to  be  Irradiated  wore  "^ntalned  within  an  aluminum 

or  steel  capsule  (the  irradiation  capsule)  and  placed  on  a ahelf 

at  the  inner  edge  of  ths  BSF.  The  structure  of  the  BSF  ia  very 

similar  to  the  analogous  water  tank  in  the  Osk  Ridge  Reactor. 

It  was  thought  that  a preliminary  monitoring  of  the  neutron  flux 

level  would  provide  the  data  necessary  to  determine  the  ne-casaary 

irradiation  time.  A flux  monitor  capsule  was  prepared.  It 

IR 

disclosed  that  the  neutron  flux  was  approximately  1 x 10 
-P  - 1 

n cm  sec  ' about  half  the  value  in  the  Oak  Ridge  Reactor. 

'^■li^3  indicated  that  the  irradiations  could  be  identical  to  those 
in  the  Oak  Ridge  Reactor,  with  the  exception  that  the  Irradiations 
would  be  about  twice  as  long,  i.e.  about  POC  hours  aa  compared 
with  100  hours  in  the  Oak  Ridge  Reactor. 
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The  first  capsule  was  prepared  and  irradiated.  It  was  found 
however  that  the  gallium  arsenide  specimeno  had  all  been  over- 
irradiated,  Not  only  had  the  originally  P-typa  unshielded  region 
been  converted  to  N-type^,  but  the  shielded  P-type  regions,  which 
should  have  remained  P-type  were  also  converted  to  N-type. 

Dttailed  analysis  of  the  first  capsule  speclBaens  showed 
the  reason  for  this  over-irradiation.  The  cadmium  ratio  of  the 
neutron  flux  spectrum  in  the  AFNTP  la  9 to  1,  as  compared  with 
39  to  1 in  the  ORR.  What  this  meana  is  that  the  non- thermal 
(higher  energy)  part  of  the  neutron  flux  spectrum  is  significantly 
higher  in  th©  APNTF  than  in  the  ORR.  Thia  is  particularly 
important  for  gallium  arsenide  which  has  neutron  absorption 
resonances  at  the  higher  neutron  energies  which  are  present  in 
the  AI^TP.  The  algnlf Icanc®  of  the  lower  cadmium  ratio  in  the 
APNTP  is  presented  in  detail  in  Section  6.1. 

Once  thia  point  was  realized,  a flux  monitor  capaul®  waa 
prepared  to  measure  this  effect  quantitatively.  Results  are 
given  in  Table  k-  for  a 100  hour  capsule  and  in  Table  S for 
a 15  hour  capaulo.  The  significant  results  are  the  transmutation- 
induced  concentration  The  results  indicate  that  for  each 

100  hour®  of  Irradiation,  a AN  of 

(®)  3 X 10'  Ss  producevi  in  gallium  arsenide  completely 

shielded  by  cadmium 
17  -3 

(b)  7.5  X 10  cm  is  produced  in  gallium  arsenide  which  la 

completely  unshielded 

Th©  ratio  of  unshielded  to  shielded  concentrations  ia  2.5  to  i, 
as  compared  with  values  of  6 to  1 which  were  obtained  in  the 
Oak  Ridge  Reactor.  This  means  that  for  each  4.5  x 10^*^ 
dopant  stoma  produced  by  thermal  neutrons,  there  ia  an  additional 
3 X 10  ■ cm  produced  by  the  epithsrmftl  neutrons  absorbed  by  the 
gallium  and  arsenic  resonances.  The  excess  epithermal  neutrons 
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are  present  because  of  the  higher  energy  ap®ctrum  in  the  AFNTP. 

The  first  li'radl«tion  capeule  contained  gallium  arsenide 

27  _ ^ 

with  initial  P-type  concentration  of  5.6  x 10  ' cm  - exposed 
for  200  hours.  It  mss  expected  that  the  unshielded  regioms 
(slits  in  the  radiation  die)  would  experience  a AN  of 

AN  X-  2 X 4,5  3£  10^”^  cm”^  9 x 10^^  cm**^ 

Thus  the  original  5.6  x 10^”^  P-typ©  concentration  would  convert 
to  (9-5.6)  X 10^"^  =•  3.^  X 10^*^  N-type,  The  tihleld^a  ion® 
were  expected  to  experience  a AN  of  1/6  x 9 x 10  ‘ .5  x 10  ' 

to  give  a final  P-typ«  concentre t on  of 

(5. 6-1. 5)  X 10 = 4.1  X 10^"^  cm”^ 

However,  the  large  epithermfsl  apectrum  gives  a AN  of 
3 X 10^'  cm“^  for  each  100  hours  even  in  the  shielded  region. 

Hence  even  these  regions  are  converted  to  N-type  by  an  amount 

(5.6-6)  X 10^-’^  = 0.4  X 10^*^  cm"^  P type 

It,  is  for  this  reason  thet  Capsule  1 was  over-irradiated. 

Once  this  point  was  clarified,  one  could  select  an  irradiation 
time  to  make  ‘-.he  desired  diode  configurations  in  Capaule  1. 

Capsule  1 was  redone  with  an  appropriate  selection  of  the 
Irradiation  time.  This  is  described  in  Section  6,2,  The  diodes 
wore  properly  doped,,  Including  a 4 -diode  array  which  was  made  into 
an  Infrared  writing  head.  This  writing  head  is  described  in 
detail  In  Section  7. 
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Th®  selection  of  th@  Irradiation  conditions  for  the  successful 
capsule  is  described  in  Section  6.2,  In  Section  6.1  the  effect 
of  the  cadialum  ratio  (high  epithermal  spectrum)  of  the  AFNTF  on 
gallium  arsenide  transmutation  doping  is  discussed. 
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^ ^ Siffeet  of  tha  Neutron  Flux  Spectirum  (Cadmium  Ratio)  on 
Transmutation  Doping  in  Gallium  Arsenide 


The  following  expression  can  be  given  for  the  N-type 
transMUtation  concentration  from  either  gallium  or  arsenic  in 
gallium  arsenide; 

AN  c 0 t 


where  c,p  macroscopic 

^t  = product  of  neutron  flux  times  time 

(X  ratio  of  epithermal  neutron  flux  to  thermal  neutron 
flux 

G,p  - thermal  flux  depression  factor  of  the  irradiation 
capsule 

' resonance  absorption  integral  (in  the  neutron  energy 
range  of  0.3  to  1 ev)  of  gallium  or  arsenic 

The  cross  section  valu'^a  are  as  I'oilows; 


0-82  , ^ c nr 

— + l.D  OC  4-  (X  


Qr 


T 


(1) 


thermal  transmutation  cross  section  in  cm“ 


0Tp(gel]  ium) 

Ij. 

(gallium) 


(arsenic) 


X* 

(arsenic) 

fp 


0 . 05^ 


ca 


-1 


^4.7 

0.096  cm“^ 

7.5 
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The  0^  value  ia  related  to  the  cadmium  ratio  (desi^^nated  CdR) 
o.f  the  reactor  flux  spectrum  by  the  following  approximate 
expreacion: 


OC  r 


0.8? 


2(CdR  - 2) 


-) 


In  the  Oak  Ridge  Reactor  ii'radlation  facility  the  cadmium  ratio 
la  39.  This  gives  an  0«-  value  of 

0^^  1.2  X 10“^ 

Thus  the  relative  values  of  the  three  terma  in  equation  (l) 
for  arsenic  are  (assuming  l/Orj,  - 

AN  - git  [’o.57  4 .019  + 


0.09] 


Therefore  the  thermal  transmute t lone  predominate  in  the  Oak 
Ridge  Rose  ..or. 

In  the  Al^JT’P  irradiation  location  however,  the  cadmium  ratio 
was  datermined  to  be  only  9.  This  gives  an  <>*•  value  of 

^ = 5.83  X 10~^ 

The  relative  values  of  th©  terms  in  equation  (l)  ror  arsenic 
are  now 

An  -0  <y'rp  0 t I 0.57  4 0.10  t OjiH 
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Table  M- 

Data  on  100-Houc  irradiation 


Flax  Monitor  Capsule 


Flux  reading  within  radiation  die 
(from  cobalt  monitor  foil) 

Unshielded  gallium  araanide 

Completely  shielded  gallium  arsenide 


0.59  X 10^3  n cm‘^  8ec‘^ 

AN  = 7.4  X 10^”^  cm"3 
An  r 3.0  X 10^”^  cm~^ 


Tsble  5 

Data  on  15-Hour  Test  Irradiation 


in 

Flux  Monitor  Capsule 

Specimen 

Type 

Initial 

Concentration 

(x  10^^  cm“^) 

Pinal 

Concentration 
(x  cm"-^) 

(X 

C 

Unshielded 

3.5  (P) 

? (P) 

1.5 

D 

Shielded 

3 (P) 

2.5  (P) 

0.5 

0 

Unshielded 

3.5  (?) 

2 (P) 

1.5 

A 

Unshielded 

0.7  (N) 

2 (N) 

1.3 
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Final  Concentration 
shielded  regions 

I.'*!  X 10^”^  (P) 

l.H  X 10^'^ 
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An,  Shielded  Regions 

3.^  X 10^"^ 

ii.2  X 10^*^ 

. • X- 

( tranamutat ion-induced 
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Table  6 

Data  on  60-Mll  Jai>.c tlon  Arrays 
Capaul®  2 Irrsdlatlon 


Initial ■ Concentration 


Final  Concentration  under 
60-iqII  unahielded  slits 


An,  Unshielded  aiita 
( transmuta  tion-lnduced 
concentration) 


Specimen  1 
ti.8  X 10^"*^  (P) 


^.0  X 10^'^ 
8.8  X 10^'^ 


(N) 


Specimen  2 
5.6  X 10^^  (P) 

2.5  X 10^*^  (N) 


8.1  X 10 


17 
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Thus  th®  non-thermal  tranamutationa  constitute  about  half 
of  the  total  in  arsenic.  In  gallluai  th®  ratio  is  about  one-  third. 
When  on®  adds  the  transaiutatlon  effects  in  gallium  and  arsenic 
together  one  finds  that  about  4o^  of  the  transautations  are  due  to 
non- thermal  neutrons.  These  calculations  explain  the  data  given 
in  Table  M-  where  it  is  shown  that  completely  shielded  specimens 
(which  display  only  the  non-thermal  transMUtations)  obtain  405^  of 
the  AN  that  la  found  for  the  completely  exposed  specimens. 

The  data  of  ^able4®8y  he  analyzed  as  follows: 

Loi;  X = the  ratio  of  tranarautations  above  the 

cadmlUM  cutoff  neutron  energy  (about  0.3  ev) 
to  the  thermal  transmutations 

Then  the  ratio  of  transmutations  in  a completely  unshielded 
galJln™  arsenide  specimen  to  one  completely  shielded  by  cadmium 
1 . ^ivon  by 

unshielded  transmutat ions  _ 1 x 

Wielded  tranMuiriVfona  " ^ ~ 

Pi'om  Table  4-  one  finds  thla  ratio  to  be  7.4/3.  Solving  for 
X one  obtains 

X - 2/3 

Table  4 also  gives  the  thermal  flux  measured  In  a radiation  dl® 
which  takes  into  account  the  flux  depreaeion  by  the  cadmium  pattern 
with  a slit  in  it.  This  la  an  important  quantity  In  predicting  the 
required  irradia tion.  We  wish  to  derive  a flux  depression  factor 
from  it.  This  can  be  dona  as  follows: 

First  one  aaxs  what  Is  the  unperturbed  thermal  flux  0.  (We 
already  have  the  perturbed  flux  3.9  x lO'*""'  n cm“  sec~  from 
Tabl©  -7  , The  ratio  of  the  two  Is  the  flux  depression  factor.) 

0 satisfltts  the  following  equation. 
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0t  (1  x)  - 7.^  X 10^”^  cm^ 

The  right  hand  side  is  the  transmutation-induced  concentration 

in  the  unshielded  specimen  of  Table  ^ , cr_,  is  the  thermal 

* 1 

transmutation  macroscopic  nuclear  cross  section,  0,15  cm"  for 
gallium  arsenide,  and  t ,1s  the  time  - 100  hours  - 3*6  x 10^ 
seconds.  Inserting  these  values  and  solving  for  0 one  obtains 

0 = 8.5  X 10^^  n cm“^  sec"^’ 

The  thermal  flux  depression  factor  is  therefore 

hUU£!^  0.7 

8,5  X 10^^ 


Actua.lly  this  value  ia  inexact  because  the  flux  value  measured 

by  the  cobalt  wire  (5.9  x 10  n cm  sec"  ) includes  non- thermal 

abaorptions . Since  the  cadmiuisi  ratio  of  cobalt  foil  Is  9 to  1, 

llji^  of  the  5,9  X 10^^  is  non-thermal  and  the  thermal  flux  is 
12  -2  -1 

5,3  X 10  n cm  sec  . Thiis  the  corrected  thermal  flux 
depression  factor  ia 


12 

5.3  X 10  ^ 

8.5  X 10^'^ 


0.63 


Note  how  much  more  effective  the  non- thermal  flux  Is  in 
causing  transmutations  than  the  thermal  flux.  In  this  location 
the  unperturbed  thermal  neutron  flux  la 

O t;  « l,’ll2  „™2  -1 

1...5  X lu  n cm  sec 

while  the  non-thermal  neutron  flax  la  only  about  l/lO  this  value; 
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epithermal  flux  " O.85  x 10^^  n cm“^  3ec“^ 

This  we  know  fi am  the  cadmium  ratio  (9  to  1)  of  the  flux. 

Nevertheless j the  thormal  flux  produces  only  about  50$^  more 
tranamuta tiona  than  the  epithermal  flux  according  to  Table  if 

Thermal  flux  produces  (7.^-3)  x lO^'^  cm“^ 

~ H.U  X 10^"^  CHi“^ 

17  - 1 

Epithermal  flux  produces  3 x 10  ’ cm 


This  la  because  of  the  large  absorption  resonances  of  gall.tum 
and  arsenic  and  because  of  the  low  cadmium  ratio  (relatively 
high  epithermal  flux)  of  the  irradiation  location. 

It  la  intareating  to  teat  the  conaiatency  of  the  data  of 
Table  4 with  the  9 to  1 value  measured  for  the  cadmium  ratio. 

The  ratio  1+x/x  can  be  expressed  in  terms  of  equation  (l) 

of  this  section: 

4 j4_x  _ 0.82  4 1.6t^ j.  6.50^ 

X 1 , 6 o<.  + 6 , 5 


where  6.5  la  an  average  resonance  Integral  value  for  gallium 
and  arsenic.  Inserting,  the  value  x - 2/3  obtained  above^  one 
f inda  s 


5 0.82  -4-  . o.in 

r r 1 i 

2 8. 1 Cx  ^ 


giving  a value  Pt  = O.067.  ThJa  comparfe^ia  v^lth  the  previously 
cited  value  of  0.0585,  obtained  from  the  aaaaefurod  cadmium  ratio. 


f\0- 


'I’nbU'f  S nn  a t.orii.'i  l-ci  tif^i  of  d«  tfl  In  « 13-^'iOur 

( rifnl  \ Ilf.  1 on  . Thtw  i1fi  la  Incilc.at.o'  l.htu  ratio  of  tranawmtu  ttori- 
Indui'fflf  .-otu'cinl  i-H  1. 1 OMO  (un«filoid«d  to  ahialdftd)  may  be  aa  high 
II  n \ l.o  I , a M oompar«n1  to  th«  f ‘ > to  1 ratio  of  Tablo  if  , 
n 111  woubl  (''irroipond  to  an  <K.  vbIub  of  ('  h’’ho  mown  of 

ti'rtfio  two  viilurts  0.0')!'  and  O.Ob'l  c.owpni'ea  favorably  with  the 
oltf'.i  vfilnt*  of  (' , obtained  from  M .-i  oadaiium  ratio.,  The 

d 1 ffernnoo  In  valufln  batv/eon  TfibleM  t - id  ,s  can  be  attributed 
to  v« '•  1 a t,  1 omi  In  tho  fliA,x  and  to  unc«r  t«  intiow  .in  t.iio  conoen  t rn  t ion 
read  1 riK fl  . 
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Irradiation  Condition  a 

The  basic  data  for  selection  of  the  irradiation  conditions 
in  the  aueoassful  capsule  can  be  restated  from  thu  analysis  of 
Section  6.1.,  This  da  tit  is  the  following'; 

1.  l«’or  each  100  hours  of  irradiation  in  the  location  used,  a 
gallium  arsenide  specimen  completely  ahjlelded  by  cadmium 
expariencea  a tranamutstlon- Induced  concont.ra.tion  change 
of  3 X 10^  ^ cm"'^  N-type. 

For  each  100  hours  of  irradiation  in  tho  location  uased,  a 
gallium  araenlde  epeclrflen  completely  unshleldisd  by  cadmium 
e.xp«r ianceo  a tran«mutGtlv)n-lnduced  concentrs  tion  change  of 
7b  ■')  X.  iO^*^  cm"'^  to  9 X 10^'^  N-typs. 

3-  Within  a 60-mil  wide  slit  In  a ('10-ml.l  thick)  cadmium  radiation 
die,,  the  thermal  nvsutron  flux  Is  O.63  of  its  value  for  .ss 
completely  unshielded  apeciroen.  ,R'>r  different  alit  widths 
one  can  oalcul,st®  simi.lsr  values  on  the  baais  of  th®  radiatj'-n 
die  geometry.  If  one  donotos  this  inverse  flux  depression 
factor  by  l/O  one  obtains  th®  values  of  . 59  for  a 45  mil 
spacing  and  .50  for  a 30  mil  opociiig. 

Ualng  Uieae  three  data  Iteroa.,  on®  can  calculate  the  ratio 
of  tranismutstions  induced  In  th®  alit  to  trenamuta  t ions  induced 
under  th®  cadmluim.  It'  one  hundred  hours  the  Iranssnuta tlonra 
indutusd  under  the  alit  In  the  radiation  d.}.e  are 

3 X 10'^ ----  (7.4-3)  X 

G 

wher«  1/G  :■  0,63  for  60  mil  slits  In  the  radiation  die,  for 
which  exper  Imenf.a  1 data  la  given  In  Table  ir.  , Th«  calculated 
r.'sit.'io  of  tr.sn:n\mta  linnw  under  Ui«  slit  to  thoue  under  th®  cadmium 
1 a 
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W)  hav©  used  J'.he  lower  limit,  7.'*<  x 10^“^  cm“'^  figure  for 
transiwuta tlona  induced  in  the  unshielded  speciman.  If  we  had 
u»ed  the  upper  flgurcj,  on®  v;ouid  obtain  2.25. 

Tlio  ratios  iatplied  In  Table  arc  in  good  agreement 

with  these  figures  for  60-istll  slits  in  radiation  dies.  For  the 

1? 

initial  concentration  of  ^i.8  x 10  ' one  obtains  a ratio  of 

' ' 17' 

2.6.  For  the  initial  concentr® tion  of  5.6  x 10  ' one  obtain® 

a ratio  of  1.93. 

The  irradiation  d®aicribed  by  Table  (p  took  120  hours. 
This  ae lection  of  the  irrsidiation  time  wa®  laad©  to  satisfy  tht? 
criteria  that 

1)  In  the  shielded  reglom?  the  gallium  arsenide  aiust 
r ams  in  P~typ« 

2)  In  the  regions  under  t'ne  slits  th©  gallium  arsenide 
must  convert  to  N-typ® 


Since  the  material  w««  ini.-ially  P-type,  the  first  condition  seta 
an  upper  limit  on  tho  irradiation  timo.  I^ir  eixaraple.  In  the 
^.8  X 10^"^  cra~^  F-type  r<isi terial.,  1'20  hours  would  be  expected  to 
add 


i?0-,c  3 X lo’7 
100 


cm 


•3  „ 


3.6  X 10^’^  cm" 3 


N-type  Impurities,  to  bring  it»  final  concentration  to 


(^.8-3.6)  K 10^'^  cm"-^  - 1.2  X P type 


17  - 

The  actual  final  ooncentrtition  In  this  region  waa  1.^  x 10 

Not®  that  another  50  hours  of  irradiation  wouic5  have  converted  those 

regions  to  N~typo,  thus  e Ilmira  ting  the  P-N  Junctions. 
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In  the  regions  under  the  sHt  fch®  tr^namuta tlon-induced 
concentration  Is  expected  to  be  2 to  2.25  time®  gi*eater  than 
In  the  ahielded  region.  Using  the  2.25  figure  one  would 
expect  a AN  of 


AN  r.  2.P5  X X 3 X 10 cm“3 

100  hours 


8.1  X 10 


17 


cm 


•3 


The  actual  An  waa  somewhat  higher  as  shown  in  Table  (o 


Since  this  concentration  ia  N-type,  the 

17' 

concentration  of  ^i.0  x 10  ' la  converted  to 
final  N-type  concentration  ia  expected  to  be 

(8.1-i^.B)  X 10^’^  em"3  r 3.3  x 10^"^ 

IT 

The  actual  value  waa  measured  to  be  ^4  x 10  ' 


original  P-typo 
N-type.  Th«i 

... 

cm  N-type 
cur  ^ N-  type . 


A longer  irradiation  time  would  increase  this  value,  but 
if  the  irradiation  time  were  sufficiently  shorter,  i.e.  leas 
then  70  hours,  the  region  under  the  slit  would  not  convert  to 
N-type  end  no  P-N  Junction®  would  be  formed,,  These  are  the  types 
of  considerations  Involved  in  selection  of  the  Irrsdiation  time, 
aa  dependent  on  the  Initiffil  concentration  of  the  material  and  the 
trarieHiUta tion  characteriatics  in  the  reactor. 
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SECTION  7 

Fabrica  tion  of  a Four-Channel  Diode  Array  FI  Ira  Hecorder 

Tl^e  successful  gallium  arsenide  irradiation  capsule  included 
several  apecimena  which  had  been  exposed  with  radiation  dies  to 
produce  f our-element  arrays.  One  of  these  four- junction  diode 
arrays  was  fabricated  into  a four-channel  film  writing  heads,  which 
was  tested  successfully  on  35  vm.  infriared  film.  A simple  four- 
channel  film  recorder  was  built  and  demonstrated.  The  recorder 
waa  delivered  to  the  U.S.  Navy  Underwater  Sound  Laboi'story,  N«i;w 
London,  Connecticut.  This  four-channel  diode  array  film  recorder 
will  now  be  described  as  typical  of  larger  arrays  which  can  ’i@ 
built. 

The  junction  spacing  in  the  diode  was  nominally  designed  to 
be  60  mils.  Ir regul® riti®a  in  the  radiation  dies  led  to  some 
Irregularities  In  the  apaclngs.  Three  of  th«  junctions  were  more 
efficient  than  the  fourth.  This  is  apparent  in  Figure  7 which 
shows  film  exposures. 

I'^abrlcation  of  th<s  diodes  from  the  doped  array  la  performed 
as  follows ; The  P-typo  regions  were  masked  and  a dot  pattern  of 
silver- indiuiin- tin  alloy  was  evaporated  onto  the  N-type  rQgionvS . 

The  N regions  wero  thon  masked,  and  vt  dot  ppttern  of  silver- indlura- 
Kinc  alloy  was  evaporated  onto  the  P~type  region.  After  bakli'ig 
the  evaporated  contacts  at  ^75^0  for  about  10  mlnut«ap  the  doped 
wafer  was  cleisved  into  50-mil  wide  regions.  A thermocorapresslon 
bonder  (Kullck©  & Soffa,  Inc.)  was  uaed  to  connect  th®  evaporated 
dots  )ctrically  into  a standojd  Microelectronic  flatpack.  This 
bonding  is  done  at  500”c  undar  forming  gas.  If  fo.rming  g,a0  is  not 
ueed  in  sufficient  quantity,  an  o.xide  builds  up  on  the  galliuni 
arsenide.  This  oitid®  layar  provides  a leakage  path  acroos  tho 
Junction  In  forward  bia®,  as  well  os  in  reverse  bias,  and  therefor'e 
lowers  the  high  r©ve.rfl©  voltage  cepablllty-  Care  should  b©  taken 
to  prevent  formation  of  this  oxide  layer. 


Figure  9.  Diode  Array  Mounted  on  Socket 
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Figvire  10.  Side  View  of  Writing  Head 


In  order  to  demonstrate  the  use  of  the  array  as  a writing 

I 

head,  a mounting  apparatus  has  been  built.  The  diode  array  ia 
mounted  on  a 3/8"  by  3/8"  seven-lead  standard  microelectronic 
flatpack,  which  was  cut  in  half  to  permit  one  surface  to  be  flush 
with  the  diode  array  and  the  film.  The  array  lies  flat  on  the 
base  of  the  flatpack,  thus  setting  the  exposed  writing  surface 
of  the  Junctions  at  90°  to  the  base  of  the  pack.  A diagram  of 
the  flatpack  mounting  arrangement  is  shown  in  Figure  8 . The 
Infrared  radiation  la  therefore  omitted  through  the  cut  end  of 
the  pack  as  shown. 

The  writing  head  la  mounted  to  place  the  large  area  face  of 
the  diode  array  wafer  at  right  angles  to  the  film.  The  exposed 
writing  surfaces  of  the  Junctions  are  thus  parallel  to  the  film 
and  in  direct  contact  with  the  film.  The  dimenaiona  of  the  dot 
recorded  on  the  film  are  about  10  mils  by  H mils  and  the  four 
dots  are  nominally  60  mils  apart. 

This  mounting  arrangement  was  achieved  by  placing  the 
flatpack  containing  the  array  in  a flatpack  socket  mounted  as 
followa;  The  flatpack  socket  was  cat  In  half  and  fastened  to  a 
2"  by  2"  by  1"  plexJglssa  block.  Adjustment  screws  were  provided 
to  make  email  modifications  in  the  orientation  of  the  diode  array. 
The  plexiglass  block  w«s  mounted  on  a base  which  permits  It  to 
pivot  on  the  aide  of  the  block  opposite  the  flatpack.  Springs 
were  l;ns€Jrt«d  on  the  pivots  to  permit  the  block  to  be  raised  when 
the  nisi  iB  advanced.  The  springs  permit  the  pressure  of  the 
diode  array  on  the  film  to  be  adjusted.  Tracks  are  fastened  to 
the  plexiglass  mounting  baae  to  guide  the  motion  of  a 35  mm  film 
strip. 

Figure  ^ is  a photograph  showing  the  diode  array  (dark) 
mounted  on  the  flatpack  (light,  with  wires)  set  into  the  flatpack 
socket  normal  to  the  film  . Figure  10  is  a aide  view  photograph 
of  the  writing  head  with  th©  dlod©  array  detached  and  placed  in  the 
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foreground.  Figure  It  is  a photograph  of  the  writing  head 
apparatus  with  its  control  box.  Figure  7"  shows  some  recorded 
dot  patterns  on  film.  These  have  been  intentionally  overexposed 
to  make  them  more  visible. 

T?ne  control  box  for  the  array  is  used  for  addressing  the 
individual  Junctions  of  the  array.  It  consists  of  a box  with 
six  single  pole  switches.  Those  are  alternately  connected  to 
the  two  output  poles  on  a double  pole  double  throw  switch.  Thus 
one  can  choose  the  output  from  the  addressing  unit  to  be  4.-+...  + - 
or  The  outputs  go  to  the  alternate  P and  N type  regions 

of  the  diodes.  Thus  the  Individual  junctions  may  be  either 
forv ' rd-blaaed^  reverse-biased,  or  not  biased  at  all. 

The  diode  array  was  embedded  in  a heat  dissipating  beryllium 
oxide  resin  after  the  photographs  shown  above  were  taken.  Exposures 
were  first  made  at  50  •mllllamporea  (about  10  volts)  for  one  second. 
The  power  supply  aJiould  be  current-limited  (constant  current  supply) 
to  prevent  high  current  surges  which  might  destroy  the  array. 

The  writing  speed  of  tViie  device  with  Infrared  film  is 
very  fast.  It  should  be  noted  that  conventional  sliver  halide 
films  operate  with  energy  denaitiee  at  least  10^  times  faster 
than  photochromlc  films,  end  wc  have  seen  that  luminescent  diodes 
should  be  able  to  write  on  photochromlc  films  at  milliaecond  rates. 

The  theoretical  writing  speed  of  this  array  ia  limit ' ' by 

the  RC  time  constant  of  the  diode  or  by  the  carrier  lifetiaie, 

17  - R 

whichever  la  the  longer.  Carrier  lifetimes  at  the  10  cm 
concentration  level  In  gallium  arsenide  are  in  the  nanosecond 
range.  The  RC  time  constant  of  a diode  will  also  be  in  the 
nanowecond  range  since  R 50  ohma  and  C 10  pf  save  been 
measured.  Hence  writing  speeds  should  be  in  the  glgacycle  range. 
Since  the  writing  head  will  depend  on  mechanical  transport  of  the 
film,  it  aeemss  apparent  that  the  film  transport  speed  will  set 
the  ultimate  limit,  and  not  the  characteristics  of  the  device,. 
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No  careful  tests  were  made  to  measure  the  maximum  writing 
spaed-  However^  dot  sets  have  been  recorded  in  less  than  a 
millisecond  by  discharging  a capacitance  through  the  diodes.  In 
these  tests  the  optical  pulse  length  was  set  by  the  magnitude  of 
the  discharging  capacitance  and  by  the  bulk  resistance  of  the 
diodes . 


